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ABSTRACT 
Resul t s  are presented  of a two-year s tudy and research  e f f o r t  t o  eva lua te  
o p t i c a l  techniques f o r  monitor ing the atmospheric ozone d i s t r i b u t i o n s  on 
a continuous bas i s  and on a worldwide s c a l e .  The conclusions of an  ana l -  
y s i s  of laser tekhniques f o r  remote probing of the  atmosphere f o r  ozone 
are given, a long wi th  a recommendation f o r  f u r t h e r  s tudy  of one s p e c i f i c  
technique involv ing  ground-based l a s e r s .  The major emphasis of t h i s  r e -  
p o r t  is  placed on a d e t a i l e d  documentation of the  p r a c t i c a l i t y  of a pas- 
s i v e  technique f o r  monitor ing ozone from s a t e l l i t e s ,  which r e l i e s  on the  
use of the sun as a l i g h t  source f o r  absorp t ion  measurements through the  
e a r t h ' s  atmosphere. The veh ic l e  chosen f o r  t h i s  proposed measurement i s  
the  Nimbus meteoro logica l  s a t e l l i t e ,  whose near  po la r ,  sun-synchronous 
o r b i t s  would al low e x c e l l e n t  coverage of the ozone d i s t r i b u t i o n s  t o  be 
obta ined  a t  high l a t i t u d e s  i n  both hemispheres. The importance of t h i s  
t y p e  of coverage, from the poin t  of view of understanding the complex 
po la r  atmospheric c i r c u l a t i o n  p a t t e r n s ,  i s  a l s o  t r e a t e d  i n  some d e t a i l .  
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FOREWOKD 
This r e p o r t  conta ins  t h e  r e s u l t s  of a two year  s tudy program which 
was conducted a t  EOS f o r  t h e  E l e c t r o n i c  Research Center of t h e  Nat ional  
Aeronautics and Space Adminis t ra t ion (Contract  NAS 12-137). 
t h i s  r e p o r t  c o n s i s t s  of m a t e r i a l  produced during t h e  f i r s t  y e a r ' s  
e f f o r t  and which w a s  submitted as t h e  f i r s t  year  i n t e r i m  r e p o r t  (EOS 
Report No. 7087-IR-1). P a r t  I1 d e a l s  w i t h  r e s u l t s  obtained l a r g e l y  
dur ing  t h e  second year  of t h e  program e f f o r t .  The p r o j e c t  was pe r -  
formed under t h e  superv is ion  of J. Duardo. 
P a r t  I o f  
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SECTION 1 
INTRODUCTION 
Although ozone is present in the earth's atmosphere only as a 
minor constituent, it has a profound influence on atmospheric 
dynamics by virtue of the fact that it is an extremely efficient 
absorber of solar W radiation. The distribution of ozone in the 
atmosphere essentially governs the rate of absorption of solar 
radiation as a function of altitude, latitude, longitude, and 
solar zenith angle. The resultant atmospheric temperature gradients 
in turn provide one of the principal driving forces for the 
atmospheric wind fields. 
report and the numerous literature articles referenced in the 
bibliography (Section 9) ,  a great amount of observational data 
has been compiled concerning ozone distributions at numerous 
locations. The fundamental principles of the atmospheric cir- 
culation-ozone distribution interrelationship are Me11 understood. 
However, in order to extend this knowledge and to provide a means 
of tracing the atmospheric circulation on a global scale, measure- 
ments of the ozone distribution should oe performed on a continuous 
basis with worldwide coverage. 
As evidenced by the discussions in this 
The atmospheric ozone content and its vertical distribution have 
been measured by optical techniques since Fabry and Buisson first 
demonstrated in 1913 that ozone was responsible for the atmospheric 
solar cutoff at 3000%. Since then, a great number of spectroscopic 
investigations of the absorption properties of ozone have also been 
7 08 7 -Fi= 1 1 
conducted i n  the  l abora to ry .  
measurements, t he  numerous and ex tens ive  measurements of atmos- 
phe r i c  concent ra t ions ,  and the  thorough ana lyses  3,Jhich have been 
performed i n  t h e  r educ t ion  of obse rva t iona l  d a t a ,  t h e  o p t i c a l  
techniques f o r  determining t o t a l  ozone concent ra t ions  have been 
h igh ly  r e f i n e d .  The r e s o l u t i o n  wi th  which t h e  v e r t i c a l  d i s t r i -  
bu t ion  of ozone can be  determined from the  ground i s  s t i l l ,  how- 
ever ,  r a t h e r  poor. Among the  major o b j e c t i v e s  of t h i s  program i s  
t h e  determinat ion of how the  e s t a b l i s h e d  o p t i c a l  techniques f o r  
measuring the  ver t ical  d i s t r i b u t i o n  of ozone can be adapted so 
they can be performed from an o r b i t i n g  sa te l l i t e .  
accuracy f o r  t hese  techniques a r e  a l s o  t o  be e s t a b l i s h e d  by 
ana lyses  which adopt reasonable  va lues  of a n t i c i p a t e d  measurement 
e r r o r s .  
A s  a r e s u l t  of t h e  l abora to ry  
The l i m i t s  of 
The s t u d i e s  performed t o  d a t e  on t h i s  program have confirmed the  
b a s i c  f e a s i b i l i t y  of using o p t i c a l  means f o r  t h e  continuous measure- 
ment of atmospheric ozone from an o r b i t i n g  sa te l l i t e .  Two tech-  
n i q u e s t i n  p a r t i c u l a r ,  appea r  t o  o f f e r  g r e a t  promise f o r  imple- 
mentation i n  the  near  f u t u r e .  That i s ,  i t  i s  no t  a n t i c i p a t e d  
t h a t  a long instrument ,  o r  device,  development per iod  would be 
requi red  f o r  the  u t i l i z a t i o n  of these  two techniques aboard o r b i t i n g  
spacec ra f t .  The p r i n c i p l e s  of these  techniques are d iscussed  i n  
some d e t a i l  i n  Sect ions 6 and 7 of t h i s  i n t e r im  repor t .  Discussions 
and eva lua t ions  of t hese  techniques are presented  i n  t h i s  r e p o r t .  
Another program o b j e c t i v e  i s  t o  eva lua te  the  o p t i c a l  techniques 
f o r  t h e i r  a b i l i t y  t o  determine wind motion i n  t h e  upper atmosphere. 
I n  p a r t i c u l a r ,  major emphasis w i l l  be placed on t h e  f e a s i b i l i t y  
of u t i l i z i n g  the  o p t i c a l  techniques t o  monitor ozone-air  mass 
motion from the  equator  t o  t h e  poles .  
t h e o r i e s  wi th  have been advanced concerning t h e  use  of ozone as a 
I n  t h i s  connection, t h e  
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tracer for wind motion have been reviewed and are discussed in 
detail in Section 2. 
These theories are being critically analyzed since they will 
prove to be major considerations in the fulfillment of another of 
the program requirements, namely, to recommend the optimum satellite 
orbits and positions of supporting ground stations for the attain- 
ment of information concerning atmospheric winds. This task will 
be performed in the korthcoming second-year effort. 
During the period covered by this report, a major effort was ex- 
pended in compiling and evaluating a comprehensive bibliography 
of articles relating to the absorption properties of ozone and 
to optical techniques for measuring the concentrations of atmos- 
pheric ozone. The contents of these articles served as a basis 
for selecting the optical techniques which offer the greatest 
promise for the atmospheric ozone measurements. The large number 
of articles which have been published in this field justifies 
their inclusion, in the form of a list of references, as a 
separate section of this report. Accordingly, Section 9 contains 
a bibliography of ozone articles classified according to whether 
the primary emphasis is on atmospheric photochemistry, atmospheric 
dynamics, spectroscopic properties, or the determination of at- 
mospheric concentrations. Sections 3 and 4 of this report 
summarize the information, obtained from the articles on ozone 
spectroscopy and atmospheric measurement, that is pertinent to 
the analyses being performed during the present program. 
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SECTION 2 
METEOROLOGICAL ROLE OF ATMOSPHERIC OZONE 
Although the t o t a l  amount of  ozone i n  a v e r t i c a l  column above t h e  
ear th ' s  s u r f a c e  corresponds t o  only  about 0 . 3  cn) when reduced t o  
s tandard  temperature  and pressure  ( S T P ) ,  t h i s  chemical spec ie s  
exerts a powerful in f luence  on meteoro logica l  processes,  p r i n c i p a l l y  
by v i r t u e  of  the h igh  e f f i c i e n c y  wi th  which it conve r t s  i nc iden t  
s o l a r  u l t r a v i o l e t  r a d i a t i o n  i n t o  h e a t .  This  can  be i l l u s t r a t e d ,  
s u p e r f i c i a l l y ,  by cons ider ing  t h a t  a nonuniform d i s t r i b u t i o n  of  
ozone i n  t h e  e a r t h ' s  atmosphere, and t h e  r e s u l t a n t  nonuniform heat ing,  
w i l l  l ead  t o  temperature  g r a d i e n t s  which can i n  t u r n  create atmos- 
phe r i c  wind f i e l d s .  However, a r e d i s t r i b u t i o n  of ozone by atmospheric 
winds w i l l  lead t o  an  a l t e r a t i o n  of the  temperature  and wind p a t t e r n s  
so  t h a t  a complex r e l a t i o n s h i p  between ozone d i s t r i b u t i o n  and wind 
p a t t e r n s  can g e n e r a l l y  be expected.  
The o b j e c t i v e s  of  the  d i scuss ions  appearing i n  t h i s  s e c t i o n  are: 
(1) t o  demonstrate t h e  in t imate  role t h a t  ozone plays i n  meteorologi-  
cal  processes ,  w i th  s p e c i a l  emphasis being placed on atmospheric wind- 
ozone r e l a t i o n s h i p s ,  and (2) t o  e s t a b l i s h  t h e  va lue  of cont inuous 
monitoring of the  worldwide d i s t r i b u t i o n  of ozone f o r  t h e  purpose 
of t r a c i n g  l a r g e  scale a i r  mass motions and s imultaneously ob ta in ing  
information concerning o t h e r  meteorological  parameters.  
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2.1  PHOTOCHEMICAL PRODUCTION OF OZONE 
A cons ide ra t ion  of t h e  photochemical processes  i n  t h e  e a r t h ' s  upper 
atmosphere which are r e spons ib l e  f o r  t h e  ozone con ten t  i s  important 
f o r  t he  fol lowing reason: The t r a n s p o r t  and c i r c u l a t i o n  of ozone 
by atmospheric winds w a s  f i r s t  recognized as an important process  
when t h e  measured v e r t i c a l  ozone d i s t r i b u t i o n s  were found t o  d e v i a t e  
from those  which had been p red ic t ed  by photochemical theory .  For 
t h i s  reason, a b r i e f  review of t he  photochemistry which r e s u l t s  i n  
t h e  formation and d e s t r u c t i o n  of atmospheric ozone i s  presented  
h e r e .  
Since Chapmanl*f irst ou t l ined  t h e  p r i n c i p a l  f e a t u r e s  of the  photo- 
chemical processes  involved i n  the  c r e a t i o n  of atmospheric ozone, 
s e v e r a l  ana lyses  have been performed t o  determine the  ozone conten t  
t h a t  would be a n t i c i p a t e d  o n  t h e  b a s i s  of photochemical equi l ibr ium.  
Although these  l a t t e r  ana lyses  take  i n t o  account f a c t o r s  not included 
i n  the  o r i g i n a l  theory,  t he  gene ra l  scheme as presented by Chapman 
never the less  remains V a l  i d .  
Recent reviews of t he  photochemical product ion of atmospheric ozone 
have been published by B .  G .  and by Whitehead, e t .  a l .  
The l a t t e r  au thors  considered only those photochemical r e a c t  ions 
which would occur i n  an  atmosphere of ozone (0 ) and atomic and 
molecular oxygen (0 and 0 ) i n  the  presence of i n e r t  t h i r d  bodies .  
The most important of these  r eac t ions  a r e  considered t o  be: 
4 
3 
2 
O2 + hv -+ 0 + 0 ;  A < 24248. 
O3 + hv -.+ O 2  + 0;X < 11,8008. 
0 + O 2  + M 4 O3 + M 
O + O 3 d  2 o2 
0 + 0 + M -. O2 + M 
* See Sec t ion  9 . 6  for c i t e d  re ferences  
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where M is any t h i r d  body, presumably N2 i n  most ca ses .  
The a d d i t i o n a l  react ions 
o3 + o3 4 3 o2 
0 3 + 0 2 + o + 2 0 2  
a r e  not  considered t o  s i g n i f i c a n t l y  a f f e c t  t h e  equ i l ib r ium con- 
5 c e n t r a t  ions of ozone. 
The q u a n t i t i e s  requi red  f o r  a numerical c a l c u l a t i o n  of t h e  equi l ibr ium 
amounts of atmospheric ozone due t o  the  above photochemical r e a c t i o n  
scheme are: (1) t h e  f l u x  of s o l a r  r a d i a t i o n  w i t h i n  t h e  p e r t i n e n t  
wavelength bands t h a t  is  inc ident  on t h e  top  o f  t h e  e a r t h ' s  atmos- 
3 phere, (2)  t h e  absorp t ion  c ros s - sec t ions  p e r  molecule o f  0 and 0 
i n  t h e  p e r t i n e n t  wavelength bands, ( 3 )  t h e  va lues  of t h e  rate 
c o e f f i c i e n t s ,  k, f o r  t he  above reac t ions ,  ( 4 )  t h e  d e n s i t y  d i s t r i b u -  
t i o n  with a l t i t u d e  of O2 and N 
must be taken i n t o  account .  
2 
In  addi t ion ,  t h e  s o l a r  z e n i t h  angle  2 '  
Reasonably r e l i a b l e  values  f o r  t h e  s o l a r  r a d i a t i o n  f l u x  are now 
a v a i l a b l e  as a r e s u l t  of  rocket  measurements. The absorp t ion  c ros s -  
s e c t i o n s  of both ozone and molecular oxygen have been c a r e f u l l y  
measured. There e x i s t s  some quest ion,  however, as t o  the  c r o s s -  
s e c t i o n  va lue  of 0 
s i n c e  absorp t ion  by oxygen is known t o  be pressure  dependent. 
The ra te  c o e f f i c i e n t s  are  d i f f i c u l t  t o  measure i n  the  labora tory ,  
and, moreover, some of them a r e  s t rong ly  temperature dependent.  So- 
c a l l e d  s tandard  d i s t r i b u t i o n s  a r e  u s u a l l y  employed f o r  t h e  d e n s i t i e s  
of  a i r  molecules.  I n  s p i t e  of t he  necess i ty  f o r  adopt ing va lues  
of these  parameters t h a t  a r e  somewhat uncer ta in ,  t h e r e  is no doubt 
about t h e  photochemical o r i g i n  of ozone. 
t h a t  should be used i n  t h e  ozone c a l c u l a t i o n s ,  
6 
2 
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The c a l c u l a t i o n  o f  equ i l ib r ium amounts of  ozone has  been performed 
by va r ious  i n v e s t i g a t o r s  inc luding  Pael tzold,  7-12 Nicole t, 
Frenkie l ,  l4 Craig,  Blamont and ncnahu'e, Chapman, 
Deming,I7 and by Whitehead, et .  a l .  
performed by these d i f f e r e n t  au tho r s  d i f f e r  i n  such d e t a i l s  as the 
va lues  assumed f o r  t he  above-named r e a c t i o n  parameters,  a l l  are 
i n  gene ra l  agreement wi th  t h e  fol lowing conclusions:  
13 
Wulf and 6 1,16 
4 Although t h e  c a l c u l a t i o n s  
1. The amounts and v e r t i c a l  d i s t r i b u t i o n s  of  ozone i n  the 
upper s t r a t o s p h e r e  can be accounted f o r  by the  e x i s t e n c e  
of  an  equi l ibr ium among t h e  photochemical r e a c t i o n s  (2-1) 
through (2-5)  . 
accounted f o r  by i n  s i t u  photochemical production, b u t  
must have i ts  o r i g i n  i n  t h e  upper s t r a t o s p h e r e .  It is 
presumably formed i n  t h e  photochemical equ i l ib r ium region 
(above about 40 km) and t r anspor t ed  by v e r t i c a l  wind 
motions t o  the  lower s t r a tosphe re ,  where it is r e l a t i v e l y  
p ro tec t ed  from photodecomposition. 
3. No s i g n i f i c a n t  d i u r n a l  v a r i a t i o n  i n  t h e  t o t a l  ozone conten t  
i s  a n t i c i p a t e d  on t h e  b a s i s  of t he  photochemical r e a c t i o n  
scheme. In  p a r t i c u l a r ,  no s i g n i f i c a n t  changes i n  t h e  t o t a l  
ozone conten t  a r e  expected t o  occur dur ing  the n ight  when 
the sun l igh t  is  absent .  Although t h e  concen t r a t ions  i n  
t h e  uppermost l aye r s  may change dur ing  the  night ,  t h e  
amount of ozone i n  these  l aye r s  r ep resen t s  on ly  a small 
f r a c t i o n  of  t h e  t o t a l  ozone. 
2. The ozone conten t  of  the  lower s t r a t o s p h e r e  cannot be  
4 .  Minimum amounts of t o t a l  ozone should be a s soc ia t ed  wi th  
l a r g e  s o l a r  z e n i t h  angles .  This fol lows from t h e  f a c t  
t h a t  t h e  path length  f o r  a s o l a r  ray  through any given 
l a y e r  becomes g r e a t e r  as the  zen i th  angle  increases .  This  
r e s u l t s  i n  a p ropor t iona te ly  g r e a t e r  absorp t ion  o f  s o l a r  
r a d i a t i o n  i n  the  upper l aye r s  and a decrease  i n  t h e  i n t e n s i t y  
inc ident  on t h e  lower l a y e r s .  The n e t  e f f e c t  is  t o  reduce 
t h e  equi l ibr ium concent ra t  ions of ozone. 
Whereas t h e  i n v e s t i g a t o r s  c i t e d  above considered only  t h e  f i v e  l i s t e d  
r eac t ions ,  Hunt, 2 2 3 y 1 8  Hampson and Roney a l s o  included a s e t  
o f  r e a c t i o n s  involving H20, OH and H02 .  
o f  $t3 and ?t 
19 20 
By adopt ing improved va lues  
5 given  by Bensen and Axworthy and t h e  va lue  o f  A 4 
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21 
determined by Reeves, Mannella, and Harteck, Hunt a l s o  concludes 
t h a t  t he  atmospheric  concent ra t ions  of ozone above about 40 km are 
c o n s i s t e n t  w i th  photochemical theory .  He a t t r i b u t e s  the  f a c t  t h a t  
o t h e r  i n v e s t i g a t o r s  have previous ly  a r r i v e d  a t  t h i s  conclus ion  by 
cons ider ing  only  r e a c t i o n s  2-1 through 2-5 as be ing  due t o  a f o r t u i -  
t ous  choice  of erroneous values  f o r  92 
i n  t h e  assumed va lues  j u s t  o f f s e t  t h e  e r r o r  i n  ignor ing  t h e  r e a c t i o n s  
involving hydrogen-containing compounds, according t o  Hunt. I n  
any case,  it is geneyal ly  accepted t h a t  t h e  ozone concen t r a t ions  
i n  t h e  upper po r t ion  of t h e  ozonosphere are i n  accord wi th  t h e  photo- 
chemical r e a c t i o n  mechanisms def ined  by Chapman. 
and R5. The e r r o r s  3’ k4’ 
2.2 OBSERVED OZONE DISTRIBUTIONS 
The ozone d i s t r i b u t i o n s  of i n t e r e s t  a r e :  ( 1 )  Var i a t ions  i n  t h e  
t o t a l  ( i n t e g r a t e d )  amount of ozone i n  a v e r t i c a l  column (of  u n i t  
area c ross - sec t ion  a r e a )  which extends upward from t h e  e a r t h ’ s  
s u r f a c e  through t h e  e n t i r e  atmosphere. These inc lude  d iu rna l ,  
d a i l y  and seasonal  v a r i a t i o n s  over any given loca t ion ,  as w e l l  as 
l a t i t u d i n a l  and long i tud ina l  v a r i a t i o n s  a t  any given t ime.  (2) 
The v e r t i c a l  d i s t r i b u t i o n  of ozone content  with a l t i t u d e ,  i . e . ,  
t h e  v e r t i c a l  p r o f i l e ,  which a l s o  e x h i b i t s  temporal and geographical  
f l u c t u a t i o n s .  These two types of d i s t r i b u t i o n s  a r e  measured by 
d i f f e r e n t  methods and, i n  genera l ,  much more ex tens ive  d a t a  are 
a v a i l a b l e  concerning v a r i a t i o n s  i n  t h e  t o t a l  ozone content  than 
v a r i a t i o n s  i n  t h e  v e r t i c a l  d i s t r i b u t i o n s .  
2.2.1 VARIATIONS OF TOTAL OZONE CONTENT 
6 Craig i n  1950 summarized t h e  r e s u l t s  of t o t a l  ozone measurements 
t h a t  had been obta ined  u n t i l  t h a t  time. S u b s t a n t i a l  a d d i t i o n a l  
d a t a  have become a v a i l a b l e  s i n c e  1950, and e s p e c i a l l y  during the  IGY. 
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These were summarized i n  1960 by Godson as shown g r a p h i c a l l y  i n  
F ig .  2-1. The s o l i d  contours  i n  t h i s  f i g u r e  d e s c r i b e  t h e  mean 
d i s t r i b u t i o n  o f  t o t a l  ozone ( i n  c m  NTP) as a f u n c t i o n  of month 
and l a t i t u d e  i n  t h e  Northern Hemisphere. The amounts shown were 
a r r i v e d  a t  a f t e r  cons iderable  averaging over  a l a r g e  number o f  
observa t ions  and smoothing o f  d a t a  were performed. S e v e r a l  f e a t u r e s  
of t h e  observed v a r i a t i o n s  i n  t o t a l  ozone conten t  are convenient ly  
i l l u s t r a t e d  by means of t h i s  f i g u r e .  It i s  seen t h a t  t h e  t o t a l  
amount o f  ozone i s  a maximum i n  spr ing  and a minimum i n  autumn 
wi th  t h e  l a r g e s t  amplitude of v a r i a t i o n  a t  high l a t i t u d e s .  There 
i s  a l s o  very  l i t t l e  seasonal  v a r i a t i o n  i n  t h e  v i c i n i t y  of t h e  
equator ,  wi th  only a s l i g h t  maximum being observed i n  t h e  l a t e  
s p r i n g  o r  e a r l y  summer. During most o f  t h e  year,  t h e  t o t a l  amount 
o f  ozone increases  frcxn t h e  equator  t o  a maximum a t  about 60"N. 
I n  t h e  spr ing,  t h e  maximum occurs  a t  o r  near t h e  pole .  It is t o  
be noted t h a t  t h e  observa t ion  of a spr ing  maximum a t  t h e  p o l e  i s  
i n  disagreement with conclusion ( 4 )  of  Subsect ion 2.1, which w a s  
based on photochemical cons idera t ions .  This observa t ion  was i n s t r u -  
mental  i n  poin t ing  t o  t h e  importance of  atmospheric mass motions 
i n  r e d i s t r i b u t i n g  t h e  photochemically produced ozone from t h e  
equator  t o  t h e  poles  ( s e e  subsec t ion  2 . 3 . 1 ) .  ( R e l a t i v e l y  fewer 
measurements of t h e  t o t a l  ozone content  have been made i n  t h e  
Southern Hemisphere. However, t h e  measurements t h a t  have been made 
i n d i c a t e  t h a t  t h e  seasonal  and temporal v a r i a t i o n s  i n  t h e  two 
hemispheres are  q u i t e  s imilar  . ) 23,24 
Evidence f o r  l o n g i t u d i n a l  v a r i a t i o n s  i n  t h e  N i r t h e r n  Hemisphere 
has  been given London who observed t h a t  a t  a l l  seasons t h e r e  
i s  more ozone over  e a s t e r n  North America, e a s t e r n  A s i a  and c e n t r a l  
Europe than  a t  o t h e r  longi tudes.  These d i f f e r e n c e s  become e s p e c i a l l y  
pronounced i n  sp r ing .  
of ozone a t  Tateno, Japan ( 3 6 " )  are c o n s i s t e n t l y  l a r g e r  than  a t  
25,26 
Kulkarni, e t .  a1.,27 have noted t h e  amounts 
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Sr inagar ,  I n d i a  (34ON), p a r t i c u l a r l y  dur ing  t h e  l a t e  w i n t e r  and sp r ing .  
Temporal v a r i a t i o n s  inc lude  long-term f l u c t u a t i o n s ,  e.g., month- 
to-month, and t h e  s h o r t e r  term f l u c t u a t i o n s  which are  superimposed 
on these ,  such as, f o r  example, day-to-day f l u c t u a t i o n s .  Pe r1  and .' 28 Dutsch have publ ished ex tens ive  d a t a  concerning t h e  annual  v a r i a -  
t i o n  of  t o t a l  ozone over  Arosa, Switzer land which were obta ined  dur ing  
a unique series of measurements made between 1926 and 1958, w i th  
minor i n t e r r u p t i o n .  Thzse d a t a  allowed long-term average va lues  
t o  be determined f o r  each ca lendar  month. These average va lues  
appear  i n  Fig.  2-2 as c i r c l e  po in t s .  
The ve r t i ca l  l i n e s  shown a t t ached  t o  t h e  p o i n t s  i n  t h e  f i g u r e  re- 
present  t h e  root  -mean-square va lues  of  t he  d e v i a t i o n s  of  i nd iv idua l  
monthly means from t h e  long-term mean f o r  each month. It is  seen  
t h a t  t hese  dev ia t ions  can be r a t h e r  s i zeab le ,  amounting t o  23 X 10 cm 
NTP i n  February, f o r  example. The dev ia t ions  f o r  June through 
November, on the  o t h e r  hand, range from 10-12 X 10 c m  NTP. I n  
a d d i t i o n  t o  t h e  monthly and annual v a r i a t i o n s  t h e r e  occur  l a rge  and 
s t r i k i n g  dev ia t ions  of  i nd iv idua l  d a i l y  va lues  from t h e  monthly 
mean. 
t h e  dev ia t ion  of each d a i l y  value from the  mean f o r  t he  month i n  
which it occurs .  For t he  month of  March, the  root-mean-square value 
o f  such dev ia t ions  from 1949 through 1958 was 33  X 10 e m  NTP, 
and f o r  t he  month of October 16  X 10 cm N T P .  The d a i l y  dev ia t ions  
are such t h a t  i t  i s  n o t  unusual f o r  i nd iv idua l  d a i l y  va lues  of  t o t a l  
ozone i n  autumn t o  exceed c e r t a i n  ind iv idua l  va lues  during the  
per iod of sp r ing  maximum. The types of dev ia t ions  observed a t  
Arosa are considered by Craig3' t o  q u a l i t a t i v e l y  r ep resen t  t h e  
behavior a t  a l l  l oca t ions  not t o o  near t h e  equator ,  with v a r i a t i o n s  
a t  h ighe r  l a t i t u d e s  being even more pronounced. 
-3 
-3  
A s  noted by Craig," t he  Arosa d a t a  can be used t o  compute 
-3 
-3 
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The above discussions serve to illustrate the types of variations of 
total ozone content that are known to occur. The data discussed, 
of course, applies only to the times and locations cited in the examples 
However, these examples emphasize the fact that the total ozone content 
at any given location can only be determined at a given time by direct 
measurement; the actual amount may differ markedly from mean values. 
2.2.2 VARIATIONS IN VERTICAL OZONE DISTRIBUTION 
Marked temporal and geographical variations also characterize the 
vertical distribution of ozone. Figure 2-3 shows five vertical distri- 
butions as determined by Mateer and Godson3' from observations at 
Moonsonee and Edmonton, Canada, during different seasons. The vertical 
profiles were computed from Umkehr data (see section 4 )  which does 
not allow the distributions to be determined with great resolution 
and necessarily smooths out small-scale features. However, the prin- 
ciple features shown in the figure are typical of all vertical ozone 
distributions which have been observed at high latitudes. The maximum 
density of ozone is found in the lower stratosphere, usually between 
15 and 30km. The ozone density above 30kmdecreases rapidly with 
height. Below the tropopause, i.e., below approximately 10 km , the 
ozone density is small and relatively constant. Of special importance 
is the fact that variations of total ozone amounts are mainly accounted 
for by variations in the lower stratosphere. 
32 Diitsch has published similar seasonal curves for Aroza, Switzerland, 
which is situated at a lower latitude than the Canadian stations. As 
is seen in Figure 2-4,  the vertical distribution and its seasonal 
variation at Aroza is qualitatively the same as at the higher latitudes. 
One notable difference is that the seasonal variations in the lower 
stratosphere are smaller. In the figure there is also shown a verti- 
cal distribution which was measured at Leopoldville in the Congo. As 
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i n  most measurements made near the equator ,  t h e r e  i s  l i t t l e  seasonal  
v a r i a t i o n  a t  any a l t i t u d e  and the maximum d e n s i t y  occurs  a t  a higher  
a1 t i  tude.  
The above examples show t h a t  t he re  i s  a d i r e c t  c o r r e l a t i o n  between 
seasonal  v a r i a b i l i t y  i n  the  v e r t i c a l  d i s t r i b u t i o n s  and i n  the t o t a l  
ozone amounts. This i s  due t o  the previously noted f a c t  t h a t  changes 
i n  t o t a l  ozone amounts are due mainly t o  changes i n  the  ozone concen- 
t r a t i o n s  i n  the  lower s t r a t o s p h e r e .  It w i l l  be seen i n  l a te r  d i s -  
cussions t h a t  t h i s  v a r i a b i l i t y  i s  governed by t r a n s p o r t  mechanisms 
involving l a r g e - s c a l e  atmospheric wind motions. 
One f e a t u r e  of v e r t i c a l  ozone d i s t r i b u t i o n s  which i s  no t  shown i n  
F igs .  2-3 and 2-4, i s  the  tendency f o r  the occurrence of double 
maxima i n  t h e  v e r t i c a l  p r o f i l e  on days of l a r g e  t o t a l  amounts of  
ozone. That i s ,  when the  i n t e g r a t e d  ozone content  is unusually l a r g e ,  
a primary maximum i n  concentrat ion is observed between 20 and 35km, and 
a secondary maximum between 10 and 2Obm. The ex i s t ence  of t h e  second 
maximum w a s  f i r s t  suggested by  cot^^^, and then la ter  confirmed by 
Ramana than and a ~ - a n d i k a r ~ ~ .  From observat ions a t  Tromso, Tronsberg 
36 and Langlo3’ a l s o  obtained evidence f o r  a double maximum. h r a n d  , 
e t . a l . ,  deduced two marked maxima a t  1 7  and 25KM from the  d a t a  from 
a V2 rocket  f l i g h t  over N e w  Mexico i n  October 1947. R e g e r ~ e r ~ ~  has 
a l s o  observed double maxima i n  the r e s u l t s  of balloon f l i g h t s  over 
New Mexico. Normand has shown t h a t  the secondary maximum, i f  analyed 
i n  terms of the ozone-to-air  mixing r a t i o ,  can provide valuable  i n f o r -  
mation concerning the v e r t i c a l  component of s t r a t o s p h e r i c  winds. 
(see Subsection 2.3.1)  
38 
2 . 3  EVIDENCE FOR TRANSPORT OF OZONE BY ATMOSPHERIC WINDS 
Three types of arguments or  evidence have been advanced t o  e s t a b l i s h  t h e  
value of monitoring ozone d i s t r i b u t i o n s  over wide areas as a means of 
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tracing atmospheric winds. These are: (1) an argument based on the 
observed deviations of ozone distributions from those predicted by 
photochemical theory, (2) analyses, including numerical computations, 
which show that non-unifcrm distributions of ozone in the atmosphere 
will result in differential heating and, therefore, temperature 
gradients of sufficient magnitude to cause air mass motion, and (3) ob- 
servational data which provide direct correlations to be made between 
ozone distributions and atmospheric wind fields which are simultaneously 
measured. 
In order to illustrate the value of continuous ozone monitoring as a 
means of providing information about air mass motions, the three 
types of evidence mentioned above will be reviewed here. 
2.3.1 DEVIATION OF OZONE DISTRIBUTIONS FROM PHOTOCHEMICAL EQUILIBRIUM 
PREDICTIONS 
The first type of deviation to be noted was discusered in Section 2.1, 
where it was stated that the ozone concentrations in the lower strato- 
sphere did not agree with equilibrium predictions. In addition to 
failing to predict the correct absolute concentrations, the photo- 
chemical theory cannot account for the great variability observed in 
the lower stratospheric ozone content. I t  is only by invoking a com- 
bination of vertical air displacements and horizontal advection* that 
the observed concentrations, and their variations, can be reconciled 
with photochemical theory. 
The effect of a vertical component of air flow on the vertical profile 
depends not only on the original ozone distribution, but also on the 
photochemical stability of ozone at the level in question. 
* The horizontal shifting of a mass of air, considered especially 
as a means of transfer of heat. 
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Wulf and DeminJ’, Nico1etl3,  Craig 6 , and DGtsch 39 , among o t h e r s  have 
examined t h e  s t a b i l i t y  o r  l i f e  of ozone, i . e . ,  t h e  e f f i c i e n c y  wi th  
which t h e  photochemical processes  a t  any g iven  l e v e l  w i l l  respond t o  
a p e r t u r b a t i o n  due t o  winds, e t c . ,  t o  r e s t o r e  the  ozone conten t  t o  i t s  
equ i l ib r ium va lue .  The main conclusion from t h e s e  s t u d i e s  i s  t h a t  
t h e  t i m e s  f o r  h a l f  r e s t o r a t i o n  i s  of t he  o r d e r  of hours  o r  less f o r  
l e v e l s  above about 35km, but  may be weeks o r  more below 20km (due 
mainly t o  t h e  low e f f i c i e n c y  of O2 and 0 
a l t i t u d e s ) .  
t i m e  cons t an t s  may vary  from minutes a t  55km t o  y e a r s  a t  20km. 
and Dernini’ a r r i v e d  a t  similar conclusions and used these  t o  show t h a t  
i f  a p a r c e l  of a i r  conta in ing  ozone i s  t r anspor t ed ,  f o r  example, from 
t h e  a l t i t u d e  a t  which t h e  amount i n  photo-equi l ibr ium wi th  s o l a r  
r a d i a t i o n  i s  a m a x i m u m  t o  a l e v e l  considerably above t h i s ,  t h e  solar 
r a d i a t i o n  r a p i d l y  reduces the  ozone conten t  to t h e  equi l ibr ium amount 
a t  t h i s  l a t t e r  l e v e l .  However, i f  t h i s  ozone is t r anspor t ed  t o  a 
l e v e l  cons iderably  lower than t h a t  of the  maximum concent ra t ion ,  
i t  i s  apprec iab ly  screened from the  a c t i o n  of s o l a r  r a d i a t i o n .  A t  
t h e  same t i m e ,  t he  d e f i c i t  of ozone a t  t h e  po in t  from which i t  was 
t r anspor t ed  downward is r a p i d l y  r e s to red  by photochemical a c t i o n .  
This observa t ion  has  l e d  t o  the  widely accepted conclusion t h a t  down- 
ward movement of a i r  i n  the  s t r a tosphe re  w i l l  l ead  t o  an i n c r e a s e  i n  
t o t a l  ozone while upward movement of a i r  w i l l  tend t o  br ing ozone t o  
a nrinimum amount. 
d i s s o c i a t i o n  a t  t he  lower 3 
LStsch3; f o r  example, concludes t h a t  t h e  photochemical 
Wulf 
38 
Normand made the very s i g n i f i c a n t  observa t ion  t h a t  t h e  ozone mixing 
r a t i o  (not dens i ty )  i n  the  lower s t r a tosphe re  i s  a conserva t ive  pro- 
p e r t y  of a p a r c e l  of a i r  and i s  determined mainly by t h e  p a s t  h i s t o r y  
of t h a t  pa rce l  of a i r .  Along an i sobar  i n  the  lower s t r a tosphe re ,  t he  
ozone mixing r a t i o  should inc rease  i n  subsiding a i r  and decrease  i n  
ascending a i r .  Normand a l s o  notes  t h a t  t h e  secondary maxima i n  the  
v e r t i c a l  tend t o  occur on days of high t o t a l  ozone conten t  and t h a t  
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i f  t h e  ozone were p l o t t e d  i n  terms of i t s  mixing r a t i o  v s  a l t i t u d e ,  
t h e  secondary m a x i m a  would appear as a change of s l o p e  on t h e  curve.  
He concludes t h a t  i f  t h e  v e r t i c a l  d i s t r i b u t i o n  of the  mixing r a t i o  
were known from day-to-day over  a l a r g e  area, va luab le  informat ion  
would be obta ined  concerning the  v e r t i c a l  component of wind i n  the  
lower s t r a t o s p h e r e .  (Spec ia l  no te  i s  taken of t h i s  conclusion a t  
t h i s  p o i n t ,  s i n c e  the  o p t i c a l  technique which i s  recommended i n  
Sec t ion  6 al lows t h e  simultaneous measurement of ozone and a i r  con- 
c e n t r a t i o n s ,  i . e .  t h e  mixing r a t i o ,  t o  be determined as a func t ion  
of a l t i t u d e . ) .  Reed demonstrated t h a t  measured atmospheric ve r -  
t i c a l  displacements  are of s u f f i c i e n t  magnitude t o  a t  least p a r t i a l l y  
account f o r  t h e  day-to-day f l u c t u a t i o n s  i n  both t h e  t o t a l  ozone con- 
t e n t  and i t s  v e r t i c a l  d i s t r i b u t i o n .  F igure  2-5 shows t h e  r e s u l t s  of 
a sample c a l c u l a t i o n  performed by Reed, which i l l u s t r a t e s  t h e  e x t e n t  
t o  which t h e  v e r t i c a l  p r o f i l e  of t h e  ozone mixing r a t i o  can be a l t e r e d  
by al lowing v e r t i c a l  displacements  t o  ope ra t e  on an  assumed i n i t i a l  
d i s t r i b u t i o n .  Curve I i n  the  f i g u r e  r ep resen t s  a n  i n i t i a l  d i s t r i b u t i o n  
which corresponds t o  a t o t a l  ozone amount of 0.132 cm (NTP). This  
lat ter curve i s  allowed t o  be d i sp laced  downward by a d i s t r i b u t i o n  
of v e r t i c a l  v e l o c i t i e s  r e s u l t i n g  i n  t h e  new d i s t r i b u t i o n  represented  
by Curve 11. The length  of the  o rd ina te s  between the  two curves i n d i -  
c a t e s  t he  assumed displacements .  Not o n l y - i s  the  v e r t i c a l  d i s t r i -  
bu t ion  a l t e r e d ,  b u t ,  wi th  the  assumed displacements ,  the  t o t a l  ozone 
conten t  i n c r e a s e s  from 0.132 cm t o  0.156 cm. Reed concludes t h a t  
t h i s  i nc rease  of 0.024 cm i s  c lose  t o  the  t h e o r e t i c a l  maximum t h a t  
can be accounted f o r  when the  magnitude of known v e r t i c a l  motions i s  
considered.  Larger i nc reases  than t h i s  can be explained only by 
assuming t h a t  h o r i z o n t a l  advect ion a l s o  con t r ibu te s  t o  the  inc rease .  
40 
The d i scuss ions  of t h i s  subsec t ion  up t o  t h i s  po in t  have emphasized 
the  discrepancy between observed v e r t i c a l  ozone d i s t r i b u t i o n s  and 
those p red ic t ed  from photochemical theory.  Equally s i g n i f i c a n t ,  as 
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Figure 2-5. Alteration in Mixing Ratio Vertical Distribution Caused by 
Vertical Displacements (Reed, 1950) 
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indications of the importance of ozone redistribution by atmospheric 
motions, are the discrepancies between the observed latitudinal ozone 
distributions and those predicted by theory. 
section 2.2.1, the occurrence of a maximum in the total ozone content 
over polar regions in the spring was in contradiction to conclusion (4) 
of the photochemical discussion (subsection 2.1). Craig , among 
others, has pointed out that neither the latitudinal nor the seasonal 
variations of ozone concentrations could be explained in terms of 
variations in the solar zenith angle. 
to point out that the spring polar maximum could be explained in 
terms of a general circulation pattern which includes both vertical 
transport and a meridional component of circulation. This pattern 
is illustrated in very simplified form in Fig. 2-6, in which the 
ozone density is schematically represented by the dark shading. Wulf 
pointed out that the meridional circulation pattern illustrated in the 
figure was consistent with the known temperature distribution in the 
stratosphere. The meridional component causes air to descend in the 
atmosphere over the equator and to move northward in the lower strato- 
sphere. At the poles the stratospheric air would rise again, while 
the tropospheric air would descend in the manner shown in the figure. 
Air rising over the poles would have its ozone sharply reduced by 
solar radiation, while air descending over the poles would lead to a 
large concentration of ozme in the cold artlc air. As this air works 
its way southward over the earth's surface, the ozone content will 
diminish to an extent which depends on the amount of contact with the 
surface. Meanwhile, the air rising over the equator will be relatively 
free of ozone because of solar action, which ensures the integrated 
amount of ozone w i l l  be a minimum in this region. Kellogg and Schilling 
have elaborated somewhat on Wulf's proposed circulation pattern, show- 
ing that the general pattern agrees with a large number of observational 
results and theoretically deduced features of the upper atmosphere. 
A s  was noted in Sub- 
6 
Wulf4' was apparently the first 
42 
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Figure 2-6. Atmospheric Circulation Pattern Leading to 
Latitudinal Redistribution of Ozone (Wulf, 1945) 
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While Wulf's circulation pattern is now widely accepted, there is some 
question as to the relative importance of horizontal and vertical 
motions in explaining variations in ozone distributions at any given 
43 time and place. Paetzold concludes that spring fluctuations are 
dominated by vertical motions and mixing. Ram~iathan~~ states that 
ozone variations associated with weather systems are most marked in . 
the period October to June. 
emission measurements tend to confirm that fluctuations in total 
ozone amount are not due to the same causes at all seasons. Others 
who have discussed observed ozone distributions and/or have attempted 
to evaluate the relative importance of horizontal and vertical motions 
are cited in References 46 through 70. 
among all authors who have investigated this problem about the need 
for a greater amount of observational data with which to compare the 
results of theoretical analyses and computations. 
45 Goody and Roach's results of ozone IR 
There is unanimous agreement 
2 . 3 . 2  HEATING DUE TO OZONE ABSORPTION AS A DRIVING FORCE FOR WINDS 
The discussion in the preceding subsection was intended to demonstrate 
the manner in which ozone photochemical considerations and atmospheric 
circulations could account for the observed ozone distributions and 
their variations. In actual fact, the problem is much more compli- 
cated, since the atmospheric distribution of ozone is one of the prin- 
cipal factors governing the magnitude and direction of atmospheric 
mass motions. 
circulation to the solar heat input in the stratosphere, Webb con- 
siders the distribution of ozone to be the most important variable, 
aside from the simple geometry of the sun-earth relationship and 
possible fluctuations in the solar W flux. 
In analyzing the response of the earth's atmospheric 
71 
The role that ozone absorption plays in the general circulation pattern 
can be illustrated in simplified form as follows: During the equinoctal 
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period, when the sun's incident radiation is perpendicular to the 
earth's surface at the equator, there exists considerable symmetry 
between two hemispheres, with respect to the angle of incidence of 
solar radiation. In particular, the input of solar energy into the 
upper atmosphere is symmetric in both directions away from the equator, 
if it is assumed that the opacity is uniform. This latter assumption 
implies identical latitudinal distributions of ozone in the two hemi- 
spheres. 
to a maximum depth at the equator; i.e., reach a minimum altitude be- 
fore it is absorbed. At points away from the equator towards either 
pole, the penetration decreases or the minimum altitude increases. 'A 
well defined meridional gradient of heat input into the stratosphere 
thus develops at the time of equinox. This, in turn, results in a 
decrease of temperature at any given constant altitude surface from 
the equator to the poles which would cause low pressure centers at 
each pole and westerly winds over the entire globe. 
Ultraviolet radiation of a given wavelength should penetrate 
This very simple picture can be extended to other periods, when the 
subsolar point moves away from the equator and can qualitatively explain 
many of the gross features of the global circulation pattern 
That this circulation pattern is also strongly dependent on the vertical 
distribution of ozone can be seen in the following summary form : 
The important mechanisms for heating of the atmosphere below about 
80km are the absorption of solar radiation by ozone and of infrared 
radiation by water vapor and carbon dioxide. Detailed calculations of 
the radiative budget of each layer between 50 and 70km show that there 
is a net gain of heat due to absorption at the bottom part of this 
layer and a loss at the top. This condition can only lead to a con- 
vective transport of heat to counteract the radiative unbalance. The 
magnitude of the convection at any time and location in the atmosphere 
will obviously depend strongly on the prevailing ozone distribution 
and on the solar zenith angle. 
72-76 
42 
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The above examples serve to emphasize the close interrelationship that 
exists between photochemical, radiative, and dynamical processes. 
Many authors have analyzed the role of ozone in the atmospheric heat 
budget by using assumed or "standard" distributions of ozone 
Others have attempted to calculate ozone concentrations theoretically 
by using observed air densities and temperatures. 
71-86 
72 
Leovy notes that not only does the temperature depend on the ozone 
.* 
87 distributions, but the converse is also true . He performed an 
iterative type of calculation which simultaneously took into account 
the photochemical and radiative aspects of  the problem and which 
resulted in the simultaneous determination of ozone and temperature 
distributions. This analysis and many others 71-87 demonstrate that 
if the actual ozone distribution could be measured at a given time 
and location, the heat budget and temperature profile appropriate to 
that location could be computed. This information could in turn be 
incorporated into hydrodynamic models which relate atmospheric motion 
to the temperature field. Details of the analytical procedure for 
calculating the velocity field from a knowledge of the differential 
heating have been set forth by Lindzen and Goody , who took into 
account the various forms of couplings between ozone concentrations, 
temperatures, radiative and photochemical effects, and wind motions. 
This latter work and those of DavisB3 and Bekoryukov in particular, 
show that given sufficient data concerning ozone distribution over 
large areas, analytical techniques can be used to deduce the atmospheric 
response, in terms of atmospheric circulations, to the non-uniform 
solar heat input. 
88 
47 
2 . 3 . 3  DIRECT CORRELATIONS BETWEEN ATMOSPHERIC OZONE AND AIR 
C I RCULATI ONS 
In recent years, it has been possible t o  perform simultaneous measure- 
ments of ozone vertical distributions, temperatures, and atmospheric 
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89 wind velocities. Breiland has examined the results obtained with 
the chemiluminescent ozone soundings during weekly balloon flights at 
a network of stations in North America. By direct correlation, it was 
established that significant changes in the temperature lapse rate 
or in the wind field frequency are associated with correspondingly 
significant changes the partial pressure of ozone. In particular, 
the stratified nature of the atmospheric wind field and thermal 
structure is reflected to a high degree in the ozone soundings. 
90 49 Sticksel and Paetzold have shown that there exists a relationship 
between ozone content and the position of the subtropical jet stream 
relative to the location of the observations. With few exceptions, 
the jet stream, a core of winds with speeds in excess of 50 knots, was 
found to the muth of the ozonesonde station whenever double maxima 
were found in the velrtidal profile. Sticksel, by taking in account 
several meteorological criteria, analyzed this relationship in terms 
of the atmospheric dynamics which are responsible for the double maxima. 
More recently, Hering 61' 91 has demonstrated the value of broadscale 
ozone determinations in diagnostic studies of atmospheric circulation 
processes. By virtue of a network of 12 ozonesonde stations disti- 
buted over North America, ozone concentrations were systematically 
measured at the same time that data pertaining to pressure, tempera- 
ture, and humidity were taken at the various stations. The results, 
as reported by Hering, leave no doubt that continuous observations 
of ozone concentrations taken simultaneously over several geographic 
locations could serve to assess the importance and correctness of the 
several proposed relationships between ozone and atmospheric circula- 
tion which have appeared in the literature. 
The studies which have been cited in this section are being carefully 
analyzed in order to determine the optimum satellite orbits, the 
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range of latitudes and altitudes of ozone distribution measurements,etc., 
which would prove to be of the greatest value in diagnosing global 
scale air mass motion. 
2 . 3 . 3 . 1  Correlations Between Ozone and Other Atmospheric Parameters 
In the course of the study performed during this program effort, an 
impressive number of literature articles were found which describe 
observed correlations between atmospheric ozone content and various 
meteorological parameters. The main objective of this study was to 
demonstrate the value of monitoring the ozone distributions on a 
world-wide basis as a means of tracing large-scale atmospheric motions. 
The relationship of ozone to other meteorological properties was 
therefore not examined in detail. However, references to the articles 
which relate evidence for these correlations are included in Section 9 . 3 .  
The existence of these correlations suggest that ozone measurements 
may be of value not only for tracing winds, but also for providing 
indirect information concerning the values of other atmospheric para- 
meters. That is, once the exact nature of the correlations are es- 
tablished, a remote ozone measurement may allow the values of other 
parameters to be inferred. An indication of how the total ozone 
content can be related, for example, to temperature at a given pressure 
level is seen in Figs. 2-7 and 2-8. These figures were taken from 
Godson's work in which the correlations at different latitudes were 
compared. Other investigators 
lationship between temperature and total ozone amounts as a function 
of  latitude and season, and in terms of horizontal advection and 
vertical motion. The relationship is a complex one but, as Figs. 2-7 
and 2.8 and Godson's discussions indicate, it can be analyzed and 
understood on a semi-empirical basis. 
22 
have discussed the re- 4 0 , 6 6 , 9 2 , 9 3  
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Correlations between ozone and other meteorological parameters are 
too numerous to discuss here; the titles of the articles referred to 
in Section 9 ,  however, serve to illustrate the varied nature of the 
correlations which have been observed. 
2.4 OZONE MONITORING AS A MEANS OF TRACING ATMOSPHERIC AIR MASS 
MOTIONS 
The results of the many investigations cited above show that there is 
a dual connection between the distribution of atmospheric ozone and 
atmospheric circulations: (1) the atmospheric circulation effects a 
transfer of ozone from regions of high content to regions of low 
content, or vice-versa, and, together with photochemical processes, 
accounts for the observed distributions and their variations, and (2) 
absorption of solar radiation by non-uniform latitudinal, longitudinal, 
and vertical distributions of ozone provides one of the principal 
driving forces for the atmospheric circulation in the form of tempera- 
ture gradients. The atmospheric circulation-ozone interrelationship 
has been extensively investigated by numerous workers, and the basic 
physical and meteorological principles involved are believed to be 
well understood. It is reasonable to assume that by incorporating 
empirical correlation data into circulation computations which are 
based on photochemical-radiative-hydrodynamical models, the role that 
ozone plays in meteorological processes will be understood in detail. 
The need at present is for increased observational data on the distri- 
bution of ozone, particularly on a continuous basis and on a global 
scale. It is evident that the study of atmospheric ozone has ad- 
vanced to such a stage that, given such data, it can lead to a complete 
definition of the atmospheric circulation-ozone interrelationship, 
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SECTION 3 
OZONE SPECTROSCOPY 
Any o p t i c a l  technique t h a t  is t o  be developed f o r  t h e  q u a n t i t a t i v e  
measurement of ozone concen t r a t  ions w i l l  depend on an a c c u r a t e  
knowledge of t h e  abso rp t ion  p r o p e r t i e s  of t h e  ozone molecule. 
c e r t a i n t y  wi th  which t h e  abso rp t ion  c o e f f i c i e n t s  of ozone i n  t h e  
in f r a red ,  u l t r a v i o l e t ,  and v i s i b l e  s p e c t r a l  reg ions  are known w i l l  
be one of t h e  f a c t o r s  determining t h e  accuracy of atmospheric ozone 
measurements. For t h i s  reason, an ex tens ive  sea rch  of t h e  l i t e r a -  
t u r e  was conducted t o  compile a l l  a v a i l a b l e  material on t h e  spec t ro -  
s cop ic  p r o p e r t i e s  of ozone. This  l i t e r a t u r e  search  r e s u l t e d  i n  a 
v a s t  amount of information concerning t h e  v i s i b l e ,  W, and IR 
abso rp t ion  bands of ozone, as is ind ica t ed  by t h e  lengthy b i b l i o -  
graphy i n  Subsection 9.4. 
The 
A d i scuss ion  of t h e  abso rp t ion  bands of ozone should a l s o  inc lude  
a b r i e f  review of t h e  chemical s t r u c t u r e  and v i b r a t i o n a l  and e l e c t r o n i c  
energy l e v e l s  of t h e  molecule, s i n c e  t h e s e  p r o p e r t i e s  s t r o n g l y  i n -  
f luence  t h e  changes i n  t h e  band s t r u c t u r e  t h a t  accompany changes 
i n  temperature and p res su re .  These p r o p e r t i e s  have r e c e n t l y  been 
reviewed by G. Herzberg. These f a c t o r s  w i l l  have a s t rong  bea r ing  
on t h e  i n t e r p r e t a t i o n  of spec t roscopic  measurements i n  terms o f  
abso lu t e  ozone concent ra t  ions .  Conversely, by proper ly  accounting 
f o r  t he  e f f e c t s  of temperature and p res su re  it appears p o s s i b l e  t o  
e x t r a c t ,  from t h e  ozone measurement da ta ,  va lues  of atmospheric 
p re s su re  and temperature a t  t he  same a l t i t u d e s  f o r  which ozone 
94 
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concen t r a t ions  are obta ined .  
i n  d e t a i l  dur ing  t h i s  program e f f o r t ,  however, t h e  main emphasis 
being placed on an e v a l u a t i o n  of t h e  r e l i a b i l i t y  of t h e  s e v e r a l  
se ts  of published va lues  f o r  ozone abso rp t ion  c o e f f i c i e n t s .  The 
o b j e c t i v e  o f  t h i s  present  s e c t i o n  is t o  f u l l y  d e s c r i b e  t h e  absorp- 
t i o n  spectrum of ozone f o r  re ference ,  as ana lyses  of t h e  measure- 
ment techniques  a r e  d iscussed  i n  subsequent subsec t  ions of t h i s  
r e p o r t .  As w i l l  be seen, a g r e a t  weal th  of information concerning 
ozone abso rp t ion  has  been obtained by numerous i n v e s t i g a t o r s ,  so 
t h a t  t h e  va lues  of t h e  molecular q u a n t i t i e s  which are requ i r ed  i n  
any o p t i c a l  measuring technique, i .e. ,  abso rp t ion  c o e f f i c i e n t s ,  
can be considered t o  be known t o  a high degree o f  accuracy. 
more, t h e  f a c t  t h a t  they  a r e  known over a wide s p e c t r a l  range and 
under a v a r i e t y  of cond i t ions  promises g r e a t  v e r s a t i l i t y  for o p t i c a l  
ozone measurement techniques .  
These p o s s i b i l i t i e s  were not examined 
Fur the r -  
3 .1  CHEMICAL STRUCTURE AND VIBRATIONAL AND ELECTRONIC ENERGIES 
95 96 
Trambarulo e t  a l ,  and Robinson have reviewed t h e  chemical 
s t r u c t u r e  and energy l e v e l s  of t h e  ozone molecule and analyzed t h e  
e l e c t r o n i c  conf igu ra t ion  i n  terms of valence-bond and molecular 
o r b i t a l  theory .  The b e s t  d a t a  i n d i c a t e s  t h a t  t h e  t h r e e  atoms of 
oxygen i n  an ozone molecule form a n  i s o s c e l e s  triangle wi th  an  
apex ang le  of 116" 49mFn. 5 30mi.n. 
connected t o  t h e  c e n t r a l  atom by chemical bonds which can be con- 
s i d e r e d  t o  be in te rmedia te  i n  c h a r a c t e r  between s i n g l e  and double 
oxygen-oxygen bonds. The two equal  bond lengths  have been measured 
a t  1.278A by both microwave and e l e c t r o n  d i f f r a c t i o n  methods. 
The two end oxygen atoms are 
97 98 
Figure  3-1 
ozone molecule. The l e v e l s  shown are l a b e l l e d  by s tandard  spec t ro-  
s cop ic  nota t ion ,  t h e  assignments being made i n  accordance wi th  
c o n s i s t s  of a p a r t i a l  e l e c t r o n i c  energy diagram of the 
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Figure  3-1. E l e c t r o n i c  Energy Level Diagram f o r  Ozone 
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t h e o r e t i c a l  p r e d i c t i o n s .  
are t e n t a t i v e  and t h a t  l i t t l e  is known concerning t h e  n a t u r e  of t h e  
It m u s t  be emphasized t h a t  t h e  assignments 
3 1 1 e x c i t e d  e l e c t r o n i c  states,  A B1, A B1, and B B2. 
1 The e l e c t r o n i c  t r a n s i t i o n s  from t h e  ground s ta te ,  X 
B B s ta te  g i v e  rise t o  t h e  wide a b s o r p t i o n  bands (Hartley-Huggins 
bands) t h a t  appear i n  t h e  region between 23001 and 3500x and which 
account f o r  t h e  atmospheric s o l a r  c u t o f f .  The d i f f u s e n e s s  of t h e  
a b s o r p t i o n  band is due p a r t l y  t o  t h e  unresolved v i b r a t i o n a l  and 
r o t a t i o n a l  s t r u c t u r e  of t h e  band, bu t  most ly  t o  t h e  i n h e r e n t  d i f -  
fu seness  of t h e  B B state.  S i m i l a r l y ,  t h e  Chappius bands a t  
4300 t o  61001 and t h e  nea r - in f r a red  bands between 7000 t o  10,OOOt 
are d i f f u s e  due t o  t h e  inhe ren t  widths  o f  t he  A B and A B1 states, 
r e s p e c t i v e l y .  Th i s  d i f f u s e n e s s  corresponds t o  a p r e d i s s o c i a t i o n  
o f  t h e  ozone molecule. That is, fol lowing t h e  act of abso rp t ion  
o f  r a d i a t i o n  t h e r e  i s  a l a r g e  p r o b a b i l i t y  t h a t  t h e  ozone molecule 
w i l l  i n s t an taneous ly  undergo a r a d i a t i o n l e s s  t r a n s i t i o n  i n t o  a 
d i s s o c i a t i v e  s t a t e  which c o n s i s t s  of an oxygen molecule. and a n  oxygen 
atom. Thus, t h e  abso rp t ion  of u l t r a v i o l e t ,  v i s i b l e ,  and near-IR 
A1, t o  t h e  
1 
2 
1 
2 
1 3 
1 
r a d i a t i o n  r e s u l t s ,  a t  least t o  a high degree,  i n  t h e  decomposition 
of t h e  ozone molecule. The s i g n i f i c a n c e  of t h i s ,  from t h e  p o i n t  , 
o f  view of ozone measurements, is  t h a t  t h e  ozone molecule does not 
reemit t h e  same r a d i a t i o n  t h a t  it absorbs.  There is no evidence 
i n  t h e  l i t e r a tu re  f o r  a f luo rescence  band between 2300i and 3SOO& 
which corresponds t o  t h e  inverse t r a n s i t i o n ,  B B2  -. X 'A1, of t h e  
Hartley-Huggins bands. Nor has any f luorescence been r epor t ed  i n  
t h e  v i c i n i t y  of t h e  Chappius o r  near-IR abso rp t ion  bands. A l l  
ozone d e t e c t i o n  and measuring schemes which depend on a f luorescence-  
t ype  backsca t t e r ing  phenomena a r e ,  t h e r e f o r e ,  excluded from con- 
s i d e r a t i o n ,  with t h e  p o s s i b l e  except ion of t h e  I R  t r a n s i t i o n  a t  9 . 6 ~ .  
1 
The b e s t  a v a i l a b l e  d a t a  i n d i c a t e  t h a t  two of t h e  fundamental v i -  
b r a t i o n a l  f requencies  of ozone are a t  710 cm and 1043 cm . -1 -1 
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These assignments are c o n s i s t e n t  wi th  t h e  i n f r a r e d  ( v i b r a t i o n a l )  
da t a ,  and a l s o  wi th  t h e  observed temperature  dependence of  the v i -  
b r a t i o n a l  s t r u c t u r e  i n  t h e  u l t r a v i o l e t  ( e l e c t r o n i c )  abso rp t ion  
bands.  These va lues  could conceivably be  used t o  advantage i n  t h e  
measurement o f  upper atmospheric temperatures  concur ren t ly  wi th  the 
ozone measurements. 
That is, i f  t h e  band s t ruc ture  i n  t h e  atmospheric  u l t r a v i o l e t  
abso rp t ion  bands could be  analyzed i n  terms o f  i t s  temperature  de- 
pendence, it would provide a measure o f  t h e  temperature  a t  t h e  
ozone a l t i t u d e s .  While t h i s  is an i n t e r e s t i n g  p o s s i b i l i t y  t h a t  
should be kept  i n  mind i n  f u t u r e  ana lyses ,  t h e  p re sen t  conclus ion  
is  t h a t  t h e  complex s t r u c t u r e  of  t h e  W bands h a s  not  ye t  been 
unambiguously i n t e r p r e t e d  i n  terms of  ind iv idua l  v i b r a t i o n a l  t r a n s i -  
t ions .  
3.2 ABSOE(PTI0N SPECTRA OF OZONE 
The abso rp t ion  s p e c t r a  of ozone i n  t h e  v i s i b l e ,  u l t r a v i o l e t ,  and 
i n f r a r e d  s p e c t r a l  reg ions  have been measured by l i t e r a l l y  dozens 
of workers.  99-152 The abso rp t ion  bands o f  i n t e r e s t  are i l l u s t r a t e d  
and d iscussed  i n  t h i s  s e c t i o n .  
3.2.1 VISIBLE ABSORPTION BANDS 
Figure  3-2 shows t h e  wavelength v a r i a t i o n  o f  t h e  abso rp t ion  c r o s s  
s e c t i o n  of ozone in t h e  r eg ion  of t h e  v i s i b l e  Chappius band?’ as 
measured by Vigrouxfo0It  is noted t h a t  t h e r e  is a s t rong  wavelength 
dependence of  both t h e  ozone c ross  s e c t i o n  and t h e  s c a t t e r i n g  c r o s s  
s e c t i o n s  of a i r  molecules i n  t h i s  s p e c t r a l  reg ion .  This  a l lows 
t h e  c o n t r i b u t i o n  of  t h e  a i r  molecules t o  t h e  t o t a l  a t t e n u a t i o n  o f  
s o l a r  r a d i a t i o n  t o  be accounted fo r ,  and a l s o  permi ts  t h e  measure- 
ment of ozone concen t r a t ions  t o  be made from t h e  measurement of 
37 
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r e l a t i v e  i n t e n s i t i e s  o f  t r ansmi t t ed  s o l a r  r a d i a t i o n  a t  a p a i r  o f  
wavelengths.  These p o i n t s  w i l l  b e  e l abora t ed  upon i n  S e c t i o n  6. 
The abso rp t ion  r ep resen ted  by t h e  Chappius band c r o s s  s e c t i o n  is  
r e l a t i v e l y  weak. However, through a path length  which t r a v e r s e s  
t h e  t o t a l  atmosphere t h e r e  occurs  s u f f i c i e n t  a t t e n u a t i o n  i n  t h e s e  
bands t o  measure ozone concen t r a t ions .  The Chappius bands w i l l  
prove t o  be ins t rumenta l  i n  t h e  e v a l u a t i o n  of some of  t h e  a c t i v e  
and pass ive  techniques  d iscussed  i n  t h i s  r e p o r t .  
3.2.2 ULTRAVIOLET ABSORPTION BANDS 
The u l t r a v i o l e t  abso rp t ion  bands of  ozone between 2300R and 3500x, 
are re spons ib l e  f o r  t h e  atmospheric c u t o f f  of W s o l a r  r a d i a t i o n .  
I n  t h i s  s p e c t r a l  region,  t h e  abso rp t ion  of s o l a r  r a d i a t i o n  is 
extremely s t rong ,  and extremely s m a l l  q u a n t i t i e s  of  ozone could 
be de t ec t ed  by u t i l i z i n g  t h e s e  bands. This  w i l l  prove t o  be of  
va lue  i n  extremely h igh  a l t i t u d e  measurements (35 t o  80 km) . 
Three of t h e  abso rp t ion  curves i n  t h e  ozone Hartley-Huggins bands, 
as determined by d i f f e r e n t  au thors ,  a r e  reproduced as t h e  t o p  p a r t  
of  F ig .  3-3. The va lues  of t h e  abso rp t ion  c o e f f i c i e n t s  are seen  
t o  drop o f f  r a p i d l y  towards wavelengths longer than those  shown 
i n  t h e  f i g u r e  and t h e r e  is cons iderably  more s t r u c t u r e  i n  t h e  bands. 
This  s t r u c t u r e  is assoc ia t ed  wi th  v i b r a t i o n a l  and r o t a t i o n a l  t r a n s i -  
t i o n s  of t h e  molecule and is temperature-dependent.  It' is  t h i s  
po r t ion  of t h e  bands which could poss ib ly  be u t i l i z e d  i n  t h e  measure- 
ment of temperatures  of t h e  upper atmosphere. It is seen  t h a t  a t  
c e r t a i n  wavelengths t h e  de te rmina t ions  d i f f e r  by as much as 2 
The va lues  measured by VigrouiO%ave g e n e r a l l y  been considered t o  
be  t h e  most r e l i a b l e  and were adopted by t h e  I n t e r n a t i o n a l  Ozone 
Commission i n  1957 f o r  c a l c u l a t i o n  of t h e  amount of atmospheric 
ozone from measurements by Dobson spectrophotometers .  Inn and 
10 7 Tanaka have a l s o  endorsed Vigroux's  va lues  as r ep resen t ing  t h e  
most r e l i a b l e  se t  of  ozone abso rp t ion  c o e f f i c i e n t s  i n  t h e  2000-300081 
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Figure 3-3. The Ultraviolet Ozone Absorption Profiles as Determined 
by Three Sets of Authors (ton). Absorption Coefficients 
on the Long Wavelength Edge of the Ultraviolet Bands, as 
Determined by Vigroux 
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r eg ion .  
claimed t h a t  Vigroux' s measurements are cons ide rab ly  i n  e r r o r  and 
have independently measured ozone a b s o r p t i o n  c o e f f i c i e n t s  f o r  use 
i n  t h e i r  c a l c u l a t i o n s .  
be used h e r e a f t e r  i n  t h i s  program f o r  two reasons: ( 1 )  Vigroux 
has  performed t h e  on ly  d e t a i l e d  s e t  of measurements which y i e l d  
t h e  temperature  dependence of t he  ozone c o e f f i c i e n t s ;  thus,  t h e  
ozone abso rp t ion  c o e f f i c i e n t s  which should be used i n  measuring 
On t h e  o t h e r  hand, Dobson and Hamilton and Walkel(-04 have 
I n  s p i t e  of t h i s ,  Vigroux's v a l u e s  w i l l  
atmospheric ozone (-40" t o  -5OOC) have been d e r i v e  io5 from t h e  
temperature-dependence d a t a  given by Vigroux, and (2) t h e  wavelengths 
used i n  t h e  Dobson spectrophotometer technique a r e  i n  the  r eg ion  
between 3055 and 339aR. This  r eg ion  is c h a r a c t e r i z e d  by a complex 
v i b r a t i o n a l  s t r u c t u r e  ( s e e  Fig.  3-3, lower curve)  which has  not 
been completely analyzed , and which would understandably cause 
d i f f i c u l t y  due t o  t h e  temperature dependence o f  t h e  a b s o r p t i o n  
p r o f i l e .  
i s  t r u l y  d i f f u s e  and i t s  p r o f i l e  would not e x h i b i t  s t r o n g  f l u c t u a -  
t i o n s  wi th  changes i n  temperature .  I n  t h e  pas s ive  technique being 
recommended i n  t h i s  r e p o r t ,  measurements i n  t h e  3055-340Oi r e g i o n  
w i l l  a l s o  be r equ i r ed  i n  a d d i t i o n  t o  measureaents i n  t h e  d i f f u s e  
p o r t i o n  of t h e  band ( s e e  Sec t ion  6 ) .  
The abso rp t ion  band a t  wavelengths s h o r t e r  t han  3055A 
The temperature dependence w i l l  be taken i n t o  account by using t h e  
aforementioned values  of t h e  c o e f f i c i e n t s  which correspond t o  t h e  
low atmospheric temperatures  and/or by s e l e c t i n g  wavelengths w i t h i n  
t h e  band s t r u c t u r e  f o r  which t h e r e  is  l i t t l e  o r  no temperature  
dependence!06The o r d e r  of magnitude as w e l l  as t h e  r e l i a b i l i t y  of 
t h e  abso rp t ion  c o e f f i c i e n t  values  have been t h e  primary considera-  
t i o n s  i n  t h e  choice of wavelength t o  be used i n  t h e  proposed o p t i c a l  
techniques f o r  ozone measurement. 
cus s ions  i n  Sec t ion  6 .  
This w i l l  be seen  i n  t h e  d i s -  
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3 . 2 . 3  
Figure  
INFRARED ABSORPTION COEFFICIENTS 
3-4 is reproduced from a p u b l i c a t i o n  by J. StronBo7 who 
has suggested t h a t  t h i s  band be used t o  measure a tmospheric  p re s su re  
s imul taneous ly  wi th  ozone con ten t  ( s e e  subsec t ion  5.1.3).  The band 
is  a s s o c i a t e d  wi th  t h e  1043 c m  fundamental v i b r a t i o n  and,as is 
seen  i n  t h e  f i g u r e ,  i t  3ccurs  i n  a r eg ion  t h a t  i s  r e l a t i v e l y  f r e e  
of  abso rp t ion  by o t h e r  &.tmospheric c o n s t i t u e n t s .  
-1 
A s  a resu l t  of t h e  d e t a i l e d  experimental  measurements and t h e  t h e -  
108 
o r e t i c a l  c a l c u l a t i o n s  by Clough and Kneizys , t h e  9 .6  micron absorp- 
t i o n  band can be  considered t o  be completely analyzed.  
v i b r a t i o n a l - r o t a t i o n a l  a n a l y s i s ,  which inc ludes  t h e  e f f e c t  of 
C o r i o l i s  coupl ing and a second-order d i s t o r t i o n  i n t e r a c t i o n ,  has  
allowed t h e  c o n t r i b u t i o n  t h a t  each v i b r a t i o n a l  t r a n s i t  ion (v and 
v ) makes t o  t h e  9 .6  micron abso rp t ion  band t o  be eva lua ted  as a 
func t ion  of  wavelength.  F igure  3-5 shows t h i s  band i n  g r e a t e r  d e t a i l .  
The p o r t i o n  of t h e  spectrum appearing i n  t h e  f i g u r e  shows t h e  agree-  
ment ob ta ined  between measured and computed va lues .  S ince  t h e  
i n t e g r a t e d  abso rp t ion  of t h e  band h a s  been previous ly  c a l c u l a t e d  
by Walshaw , t h e  i n t e n s i t i e s  i n  both bands ( v  and v ) can be 
expressed i n  abso lu te  u n i t s .  Thus, a set  of r e l i a b l e  abso rp t ion  
c o e f f i c i e n t s  is a v a i l a b l e  f o r  use i n  any o p t i c a l  technique u t i l i z i n g  
t h e  9 . 6  micron abso rp t ion  band, whether it involves  d i s c r e t e  l i n e  
abso rp t ion  o r  i n t e g r a t e d  abso rp t ion .  
A complete 
1 
3 
109 
1 3 
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SECTION 4 
METHODS OF ATMOSPHERIC OZONE MEASUREMLSNTS (NON-SATELLITE TECHNIQUES) 
Since t h e  ozone l a y e r  was discovered 138 
of o p t i c a l  techniques have been employed t o  measure both t h e  t o t a l  
ozone con ten t  and i t s  v e r t i c a l  d i s t r i b u t i o n .  The t o t a l  con ten t  
can be determined from t h e  ground r a t h e r  e a s i l y  by us ing  t h e  sun 
as a source f o r  t h e  abso rp t ion  measurements. The v e r t i c a l  d i s t r i -  
bu t ion  can l i kewise  be measured from t h e  ground by means of t h e  
s o - c a l l e d  "Umkehr" 
due t o  poor accuracy. Paetzold 157-163 performed a number of 
measurements by t h e  method of using e c l i p s e s  o f  t h e  moon, bu t  
measurements can be made by t h i s  technique only when t h e  moon i s  
i n  a f avorab le  p o s i t i o n  with r e s p e c t  to  t h e  sun and an obse rve r  
on the  e a r t h .  More r e c e n t  techniques which have been used i n c l u d e  
t h e  method of bal loon a s c e n t s ,  a i r p l a n e  and V-2 rocke t  s p e c t r o -  
scopy, and s a t e l l i t e  r e f l e c t i o n  spectrometry.  These methods are 
a l l  l i m i t e d  i n  scope s i n c e  they allow measurements over only 
l i m i t e d  ranges of a l t i t u d e s .  Furthermore, i n  common wi th  most 
techniques which have been used, t hese  methods can be used on ly  
over a l i m i t e d  number of geographic l o c a t i o n s  a t  any given t i m e .  
i n  1913, a g r e a t  v a r i e t y  
e f f e c t ,  153-156 b u t  t h i s  method s u f f e r s  
I n  a d d i t i o n  t o  t h e  o p t i c a l  methods, v a r i o u s  chemical methods have 
been developed which y i e l d  e x c e l l e n t  d a t a  concerning v e r t i c a l  
ozone d i s t r i b u t i o n  above i n d i v i d u a l  ground s t a t i o n s .  Subsection 
9 .5  of t h i s  r e p o r t  c o n s i s t s  o f  a l i s t  of r e f e r e n c e s  t o  a r t i c l e s  
which d e a l  w i th  methods of measuring the t o t a l  atmospheric ozone 
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con ten t  a s  w e l l  as  i t s  v e r t i c a l  d i s t r i b u t i o n .  These methods range 
from such e a r l y  methods as  t h e  method employing luna r  e c l i p s e s  t o  
t h e  more r e c e n t  techniques  involv ing  s a t e l l i t e s ,  r o c k e t s ,  ba l loons  
and a i r p l a n e s .  
Detai ls  of  t h e s e  techniques  w i l l  n o t  be d i scussed  he re ,  an  ex- 
c e l l e n t  review having been presented  r e c e n t l y  by Cra ig  . It 
s u f f i c e s  a t  t h i s  p o i n t  t o  no te  t h a t  an impress ive  number o f  d e t a i l e d  
d e s c r i p t i o n s  of o p t i c a l  ozone measuring techniques  appear  i n  the 
re ferenced  a r t i c l e s ,  from which va luab le  informat ion  can be drawn. 
3 
For example, hhe Gb'tz o r  Umkehr technique 
because of i t s  accuracy ,  which i s ,  i n  f a c t ,  poor as it  p e r t a i n s  t o  
v e r t i c a l  d i s t r i b u t i o n  de te rmina t ions ,  D U ~  because i t  has  been ex- 
h a u s t i v e l y  r e f i n e d  by Dobson and o t h e r  workers.  I n  t h e  p rocess  
of  improving t h e  technique,  many f a c t o r s ,  such as  ozone a b s o r p t i o n  
c o e f f i c i e n t s ,  wavelengths t o  be monitored, s l i t  wid ths  and des ign  
of t h e  measuring spectrophotometer ,  e t c . ,  were care ' ful ly  analyzed 
by these  workers.  S ince  these  f a c t o r s  a l s o  must be cons idered  i n  
t h e  p re sen t  program, advantageous use can be made of the  knowledge 
t h a t  has  been ga thered  as a r e s u l t  of t he  above previous  e f f o r t s .  
Therefore ,  t he  Gztz technique,  as w e l l  a s  o t h e r  techniques  t h a t  
are r ep resen ted  i n  the  l i s t  of r e fe rences  i n  Subsec t ion  9.5, w i l l  
cont inue  t o  be analyzed i n  o rde r  t o  he lp  e v a l u a t e  c r i t i c a l  para-  
meters t h a t  need to  be s p e c i f i e d  i n  the  techniques  under i n v e s t i -  
g a t i o n  i n  t h i s  program. 
i s  of  i n t e r e s t  n o t  
A chemical technique of  p a r t i c u l a r  i n t e r e s t  i s  t h e  chemiluminescent 
method developed by Regene?-!O Th i s  technique makes use of  t h e  
chemiluminescent r e a c t i o n  of ozone with a d i s c  sensor  coa ted  wi th  
s i l i c a  g e l  and an o rgan ic  dye, Rhodamin B.  The ozone concen t r a t ion  
i s  determined by measuring t h e  l i g h t  energy r e l e a s e d  by t h e  r e a c t i o n .  
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Due to the extremely rapid response of the device to changes in 
ozone concentration, very high resolution measurements are made by 
this technique. The ozonesonde and the conventional radiosonde 
are flown together in sounding balloons and the ozone signal is 
telemetered to a ground receiver along with data on temperature, 
pressure, and humidity. It is with this technique that Hering 
and co-workers obtained the data at the 12 ozonesonde stations, 
as discussed in Subsection 2.3.3.3 of this report. 
is of interest since it is probably the most reliable and well 
developed technique for taking ozone measurements over a single 
ground station. Since it is independent of optical techniques, 
it would appear to be the ideal supplementary technique which 
This technique 
could be used as a crosscheck to the advanced concepts which are 
being evaluated in the current program. That is, once an orbiting 
satellite is making ozone measurements, ozonesonde balloons could 
be used at isolated geographical locations for independent measure- 
ments of vertical ozone distributions. The results of the two 
methods could then be directly compared. 
stations that could compile as much data as a single orbiting 
satellite would, of course, be highly impractical, i f  not im- 
possible,to establish. 
A system of ozonesonde 
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SECTION 5 
ADVANCED CONCEPTUAL METHODS OF OZONE MEASUREMENTS 
FROM ORBITING SATELLITES 
The l i t e r a t u r e  sea rch  performed dur ing  t h i s  program e f f o r t  h a s  turned  
up a n  impressive amount of information r e l a t i n g  t o  t h e  use o f  o p t i c a l  
techniques i n  t h e  measurement o f  atmospheric ozone con ten t .  A v a r i e t y  
of  techniques  which apply t o  t h e  measurement of both t h e  t o t a l  ozone 
con ten t  and i t s  v e r t i c a l  d i s t r i b u t i o n  have been c r i t i c a l l y  examined 
and eva lua ted .  
This survey has  shown t h a t  t h e r e  are a number of o p t i c a l  t echniques  
f o r  ozone measurement which could be used i n  conjunct ion  wi th  an  
o r b i t i n g  s a t e l l i t e ,  These would be e s s e n t i a l l y  independent and 
supplementary techniques,  and i t  may prove d e s i r a b l e  t o  instrument  
one sa te l l i t e  t o  perform the  measurements by two o r  t h r e e  of t hese  
techniques s imultaneously.  
The techniques which have been considered can be c l a s s i f i e d  as being 
e i t h e r  pas s ive  o r  a c t i v e  methods. The former involve measurements 
made o f  t h e  r a d i a t i o n  emit ted by a n a t u r a l  source,  such as t h e  sun, 
o r  by t h e  atmospheric ozone i t s e l f .  The l a t t e r  r e l y  on t h e  u s e  of  
r a d i a t i o n  provided by a man-made source,  such as a laser, which may 
e i t h e r  be a ground-based o r  s a t e l l i t e - b o r n e  instrument .  The fol lowing 
paragraphs d e s c r i b e  b r i e f l y  t h e  o p t i c a l  ozone-measuring methods 
which m e r i t  cons ide ra t ion  f o r  a s a t e l l i t e  a p p l i c a t i o n ,  
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5 . 1  P A S S I V E  TECHNIQUES 
The two pass ive  techniques t h a t  are s e r i o u s l y  being considered f o r  
recommendation are (1) t h e  de t e rmina t ion  o f  v e r t i c a l  ozone con ten t  
by a measurement o f  t h e  d i f f e r e n t i a l  a t t e n u a t i o n  of s o l a r  r a d i a t i o n  
which t r a v e r s e s  t h e  e a r t h ' s  atmosphere, and (2 )  t h e  de t e rmina t ion  o f  
ver t ica l  ozone con ten t  by a n a l y s i s  and t h e  i n f r a r e d  r a d i a t i o n  emi t t ed  
by t h e  atmospheric ozone. The t h e o r e t i c a l  p r i n c i p l e s  f o r  both of 
t h e s e  techniques have been w e l l  developed and a l i m i t e d  amount o f  
o b s e r v a t i o n a l  d a t a  has been acquired which confirms t h e  essent ia l  
c o r r e c t n e s s  of both methods. 
5 .1 .1  DIFFERENTIAL AmENUATION OF SOLAR RADIATION 
This technique depends on viewing the  s o l a r  rays  a f t e r  t hey  pass 
t a n g e n t i a l l y  through t h e  e a r t h ' s  atmosphere. 
d e t e c t o r  monitors t h e  i n t e n s i t i e s  a t  a number of wavelengths f o r  
d i f f e r e n t  geomet r i ca l  r a y  pa ths  and the  v e r t i c a l  d i s t r i b u t i o n  can 
be deduced from s t r a i g h t f o r w a r d  phys ica l  and geomet r i ca l  cons ide ra -  
t i o n s .  This  method involves t h e  use of v i s i b l e  and near u l t r a v i o l e t  
r a d i a t i o n ,  a s  is desc r ibed  i n  d e t a i l  i n  Sec t ion  6 .  
The s a t e l l i t e - b o r n e  
5.1.2 INFRARED EMISSION BY ATMOSPHERIC OZONE 
This technique u t i l i z e s  i n f r a r e d  r a d i a t i o n  which is emit ted by t h e  
ozone molecule and is analogous t o  a method which has  been used t o  
deduce v e r t i c a l  r e s o l u t i o n  from ground-based measurements. 45,165 166 167 
5.2  ACTIVE TECHNIQUES W I T H  OPTICAL PROBES 
The use of a c t i v e  probes r e p r e s e n t s  a new concept i n  ozone measure- 
ments p r i n c i p a l l y  because s u c h  probes have become f e a s i b l e  on ly  s i n c e  
t h e  development of t h e  l a s e r  and s i n c e  it has  become p o s s i b l e  t o  
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cons ider  t h e  use of  a s a t e l l i t e  as a t r a n s m i t t i n g  o r  r ece iv ing  
s t a t i o n .  
o f f e r  many advantages inc luding  the f a c t  t h a t  it would not  depend 
on t h e  p o s i t i o n  of t h e  sun wi th  r e s p e c t  t o  t h e  s a t e l l i t e  p o s i t i o n .  
It would a l s o  be capable  of o p e r a t i o n  dur ing  e i t h e r  day o r  n ight ,  
t hus  providing va luab le  information concerning d i u r n a l  v a r i a t i o n s  
of  t h e  v e r t i c a l  ozone d i s t r i b u t i o n .  Such informat ion  would be of  
va lue  i n  c l a r i f y i n g  the  r o l e  of  ozone i n  atmospheric processes ,  
inc luding  h o r i z o n t a l  and v e r t i c a l  a i r  t r a n s p o r t  mechanisms. An 
a c t i v e  probe technique  would be expected t o  provide a t  least as much 
information concerning t h e  v e r t i c a l  d i s t r i b u t i o n  o f  ozone as any 
of t h e  pas s ive  techniques  under i n v e s t i g a t i o n .  
A program of measurements i nco rpora t ing  a c t i v e  probes would 
The methods d iscussed  h e r e  depend on t he  a v a i l a b i l i t y  of high-power 
laser r a d i a t i o n  a t  wavelengths which can be u t i l i z e d  i n  t h e  determina- 
t i o n  of  a tmospheric  ozone. A t  p resent ,  t h e  class o f  laser most l i k e l y  
t o  f u l f i l l  t h i s  need is t h e  so -ca l l ed  Raman laser.  This name is  
de r ived  from t h e  f a c t  t h a t  l a s e r - l i k e  r a d i a t i o n ,  i.e., h i g h l y  in tense ,  
pulsed, coherent ,  monochromatic, and d i r e c t i o n a l  r a d i a t i o n ,  can be 
produced a t  a v a r i e t y  of wavelengths by t h e  phenomenon known as 
s t imu la t ed  Raman s c a t t e r i n g .  The product ion of Raman lasers r e q u i r e s  
t h e  use of a high i n t e n s i t y ,  pulsed primary laser such as the ruby 
o r  neodymium l a s e r  ( 6 9 4 3 ~  and 1.06~, r e s p e c t i v e l y )  o r  t h e  use 
of second harmonic laser r a d i a t i o n  a t  34711 o r  5300i, r e s p e c t i v e l y .  
5.2.1 SATELLITE-BORNE RAMAN LASERS, SATELLITE-BORNE DETECTORS 
A Raman laser aboard a s p a c e c r a f t  could be used t o  provide a source  
f o r  ozone measurement by abso rp t ion  techniques.  A s  such, t h e  laser 
r a d i a t i o n  would be a s u b s t i t u t e  f o r  s o l a r  r a d i a t i o n  i n  t h e  f i r s t  
pas s ive  technique d iscussed  above i f  used i n  a t w o - s a t e l l i t e  conf igura-  
t i o n .  Much more v e r s a t i l i t y  would r e s u l t  by us ing  a laser source,  
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however, s i n c e  such a technique would not  s u f f e r  from geometr ica l  
r e s t r i c t i o n  inhe ren t  i n  us ing  s o l a r  r a d i a t i o n .  The laser source  
could a l s o  be used i n  a s i n g l e  s a t e l l i t e  c o n f i g u r a t i o n  t o  measure 
t h e  ozone con ten t  by t h e  w e l l  known technique based on back sca t te r ing  
of W r a d i a t i o n  by a i r  molecules .  168-171 
5.2 .2  GROUND-BASED RAMAN LASERS, SATELLITE-BORNE DETECTORS 
This technique e s s e n t i a l l y  r e v e r s e s  t h e  r o l e  o f  emission source  and 
d e t e c t o r  i n  t h e  ground-based method which determines t o t a l  ozone 
con ten t  by measuring t h e  a t t e n u a t i o n  of s o l a r  r a d i a t i o n  a t  d i f f e r e n t  
i n c i d e n t  z e n i t h  ang le s .  The use o f  a laser source  aga in  e l i m i n a t e s  
geomet r i ca l  l i m i t a t i o n s  which are  imposed when t h e  sun is  used as 
a source  f o r  a b s o r p t i o n  measurements. 
5 . 3  SELECTION OF SATELLITE METHODS FOR OZONE MEASUREMENTS 
A s  a r e s u l t  o f  t h e  survey and p re l imina ry  e v a l u a t i o n  o f - o p t i c a l  
techniques performed during t h e  f i r s t  year o f  t h i s  program, two 
o p t i c a l  techniques have been chosen f o r  d e t a i l e d  a n a l y s i s .  Although 
o t h e r s  may be s e r i o u s l y  considered i n  l a t e r  phases of  t h e  program, 
it has  been decided t o  concen t r a t e  f o r  t h e  p re sen t  on one a c t i v e  
and one pass ive  technique which both appear t o  be w e l l  w i t h i n  t h e  
s t a t e  of the  a r t .  The two techniques a r e  complementary with r e s p e c t  
t o  t h e  type o f  information they y i e l d .  The p r i n c i p a l  on-board 
in s t rumen ta t ion  requirements f o r  both techniques would be s p e c t r a l  
f i l t e r i n g  dev ices  and pho tomul t ip l i e r  d e t e c t o r s .  It i s  f e l t  t h a t  t h e  
two types  o f  measurements would be compatible from t h e  po in t  o f  view 
o f  i n s t rumen ta t ion  on a s i n g l e  s a t e l l i t e ,  and would a l low t h e  atmos- 
phe r i c  ozone content  t o  be measured wi th  both high h o r i z o n t a l  and 
v e r t i c a l  r e s o l u t i o n .  
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Progres s  has  been made i n  demonstrating t h e  f e a s i b i l i t y  of both of 
t h e s e  techniques.  This progress  i s  reviewed i n  S e c t i o n s  6 and 7 
of t h i s  r e p o r t .  
708 7-Fina 1 53 

SECTION 6 
OZONE DETERMINATION BY THE METHOD OF DIFFERENTIAL 
ATTENUATION OF SOLAR RADIATION 
With the development of instrumented satellites, exploratory measure- 
ments of ozone profiles over a number of locations have been made 
by the method referred to herein as the differential attenuation of 
solar radiation. However, the spectral and spatial resolutions which 
characterize these measurements do not begin to approach the ultimate 
in the state-of-the-art for satellite-borne instrumentation. The 
discussions appearing in this section are intended to illustrate the 
extent to which this method can be improved upon by refining the 
measurement and data reduction aspects in a satellite application. 
172 s 173 
The underlying principles of this technique were also used by 
Venkateswaran, et to determine the vertical distribution of 
ozone with the aid of the Echo communications satellite, 1960 Iota I. 
However, whereas these investigators performed ground-based measure- 
ments of solar radiation reflected by the satellite, the technique 
described here would involve direct measurements of the solar radiation 
by an instrument aboard a satellite. Several advantages result from 
the ability to make direct measurements, including increased sensi- 
tivity, resolution, and accuracy. Furthermore, depending on the type 
of orbit, measurements can be made over a selected number of locations 
around the world on 4 quqg&pgntinuous basis. 
\- 
Certain features of the problem, such as the need to correct for 
the refraction of solar rays by the earth's atmosphere, and the de- 
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parture of the sun's surface from a point source, while discussed 
here, will not be treated fully until the subsequent year's effort. 
The emphasis in the discussion below will be on demonstrating the 
feasibility and efficiency of the method. 
6 . 1  DPTICAL PRINCIPLES OF THE DIFFERENTIAL ATTENUATION TECHNIQUE 
The principles involved can be illustrated by reference to Fig. 6-1. 
Measurements of solar radiation intensities are taken when the sun's 
rays are passing tangentially through the earth's atmosphere and the 
instantaneous position of the satellite is at S (during orbital 
sunrise or sunset). For purposes of illustration, a satellite alti- 
tude of 1000 km is shown in the figure, but the technique is valid 
for a wide range of altitudes. The atmosphere, which is considerably 
exaggerated in the figure, is divided into a number of shells above 
the sunset or sunrise point, 
example shown, a model with ten shells, each of 10 km thickness, has 
been adopted. In principle, any number of shells can be assumed, 
although a practical limitation will be imposed by the rate at which 
the satellite-borne instrument can make measurements at the wave- 
length bands of interest. It can be seen from the discussion below 
that the greater the number of measurements per sequence, the greater 
the accuracy with which the vertical distribution can be defined. In 
the calculations presented later in this section, the model adopted 
contains 80 spherical shells each of 1 km thickness. Preliminary 
orbital, detector, and optical analyses indicate that this does not 
represent an unrealistic rate of measurement taking. 
(highest altitude) is bounded by the altitudes h 
the example'of Fig. 6-1 take the values of 100 and 90 km, respectively). 
Similarly, the ith shell is bounded by the altitudes, h. and h 
The satellite can selectively view a ray which, at the local sunset 
point s 
as Ri and the distance that it traverses in the ith layer is denoted 
i 
and below a height h In the 
sU, 1' 
The first shell 
and h2 (which in 1 
i+l a 1 
passes only through the ith shell. This ray is referred to 
U' 
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other than R w i l l  traverse a certain distance, a through the jth 1, ij' 
layer where j = 1, 2, ..., i-1. The values of a and a can be 
determined by geometrical considerations. 
However, in passing through the entire atmosphere any ray, 
ii ij 
The degree of attenuation of any solar ray passing through a tangential 
path in the atmosphere will depend upon the wavelength and upon the 
number of absorbing and scattering molecules encountered. 
ion is made that the only significant absorption in the visible and 
near W spectral regions is due to molecular ozone, an assumption 
that is certainly ,?ell justified. The Rayleigh scattering can be 
easily accounted for. The wavelength dependence is, of course, due 
to the variation with wavelength of the absorption coefficient, or 
cross section per molecule, of ozone, and the Rayleigh scattering 
cross-section of air molecules. The number of ozone and air molecules 
encountered by any tangential solar ray can, for-purposes of illustra- 
tion, be estimated from some adopted model of vertical atmospheric 
ozone distribution. This has been done for the calculations des- 
cribed in Section 6.2.  The motion of the satellite serves as a 
scanning motion by means of which the attenuation through different 
atmospheric thicknesses is determined for each wavelength being moni- 
tored. The absolute intensities of the solar rays can be determined 
by direct measurement from a position in which the earth's atmosphere 
does not intervene. A measure of the differential attenuation is thus 
The assumpt- 
' 
obtained for different paths through the earth's atmosphere. 
taken in this manner can be inverted by straightforward computer 
techniques to yield a vertical profile of the ozone and air distributions. 
Data 
6.2 DETERMINATION OF MDLECULAR THICKNESSES 
As mentioned above, the satellite is allowed to view the solar radi- 
ation which passes tangentially through the earth's atmosphere. The 
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finite size of the sun(which means that it cannot be considered as 
a point source) and atmospheric refraction are complications which will 
be discussed in subsequent subsection. 
assumed that at any instant, in this portion of its orbit, the satel- 
lite views a single ray which passes without refraction at some uniquely 
defined altitude above the sunset point, . This altitude, which can 
be determined from a knowledge of the orbital parameters, is denoted 
by hii. 
the center of the ith atmospheric shell.) 
For the present, it can be 
sU 
(The altitude above S at which the ith ray passes through 
U 
The absolute intensity of the solar radiation, as measured by a 
satellite-borne detector, will depend on (a) the intensity of solar 
radiation in the wavelength band being monitored, and (b) the total 
optical thickness of the earth's atmosphere for the ith ray at the 
wavelength being monitored. The total optical thickness, 7, is 
defined here as the exponential factor relating the intensity, I(h),  
transmitted by the earth's atmosphere to the incident intensity, 
Io ( A ) ,  i*e*, 
In equation (6-1)  the subscript i is used to emphasize the fact that 
the optical thickness, and therefore the transmitted intensity, will 
depend on the particular ray path through the atmosphere; the sub- 
script j is used to indicate that more than one wavelength will be 
monitored, for reasons to be discussed below. 
The optical thickness for any ray of a given wavelength will be 
determined by the total number of attenuating molecules in the ray's 
path through the atmosphere. In the wavelength regions which will be 
used, the only important attenuation mechanisms are Rayleigh scattering 
by air molecules (N2 and 0 ) and molecular absorption by ozone. For 2 
7087-Final 59 
a given length traversed by a ray at a known altitude, the optical 
thickness will depend on the prevailing vertical distribution of 
these attenuating particles. 
property of the atmosphere, especially in the case of ozone. The 
following model vertical distributions of mneand air therefore, 
have been adopted for this calculation. The ozone model adopted was 
the so-called average distribution given by the USAF Handbook of 
Geophysics, Ch. 8 (1961); the air distribution was taken from the 
work of Minzner, et. al. (AFCRC-TR-59-267, 1959.) For practical 
reasons, the earth's atmosphere is considered to consist of 80 con- 
centric shells of one kilometer thickness each (instead of the ten 
shells shown in Fig. 6-l), and the air and ozone concentrations are 
assumed to be uniform within each shell. It is also assumed that the 
satellite can view a ray which passes through the center of each 
shell above the sunset point, a total of 80 such rays being monitored. 
(Ray number one is that ray which passes through the outermost, or 
first, shell at an altitude of 79.5 km above S and the remaining 
rays and shells are numbered in increasing sequence as the altitude 
at which each ray passes above the sunset point decreases.) 
distance that any ray traverses in each individual shell can be de- 
terrnined through simple geometry. These traversal lengths, a 
determined with the aid of a computer program. This program, which 
will be referred to herein simply as OZONE, is completely flexible 
with respect to the number of shells and the vertical distribution 
of particles that can be incorporated into the computation. By 
weighting each length first by the ozone concentration and then by the 
air density appropriate t o  that altitude, the ozone and air thicknesses 
of each traverse length were determined. The total number of ozone 
The latter is known to be a variable 
U' 
The 
were ij' 
and air molecules encountered by any ray in traversing the entire 
atmosphere is then simply obtained by summing all of the weighted 
traverse lengths for that ray. 
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The results of these computations are summarized in Table 6-1. 
first two columns define the ray and sunset point altitude, while 
the third lists the local values of the air densities which were 
used. The total number of air and ozone molecules that would be 
encountered by each ray, with the assumed distributions, are listed 
in the last two columns. (In these latter columns the letter E de- 
notes the exponent or power of the number 10.) 
The 
In the following subsection, a review is given of the manner in which 
the total molecular thicknesses for each ray are obtained from solar 
radiation attenuation measurements. Once the molecular thickness for 
each ray is known, the vertical profile can be computed with the aid 
of a program which is essentially the inverse of the OZONE program 
referred to above. This inverse program, or INVOZONE, has been sat- 
isfactorily prepared and used in sample computations. It will be 
modified for future analyses in order to determine the accuracy with 
which this passive measurement method can reproduce a variety of 
ozone profiles. This will be done by introducing uncertainties into 
the total molecular thickness values which reflect errors inherent in 
the intensity measurements and uncertainties in the ozone cross- 
section values. 
6.3 OPTICAL THICKNESS DETERMINATIONS AND SELECTION OF WAVELENGTHS 
Since both the Rayleigh scattering cross-sections for air molecules 
and the absorption cross-section for ozone vary with wavelength, a 
given molecular thickness represents a range of optical thicknesses. 
In this subsection results of optical thickness calculations will be 
presented. In addition, the manner in which these results help define 
the wavelengths that should be monitored will be discussed. 
The measured quantity, from which the optical thickness of the atmos- 
phere for a given ray is deduced, is the intensity ratio Ii (),j)/Io(),.j). 
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TABLE 6-1 
TdTAI, MOI.ECULAK THlCKNESSES FOR RAYS 1 - 80 
Ray( i) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
1 2  
13 
14 
15  
16 
I /  
18 
19 
2 0 
21  
2 2  
2 '1 
Alt i tude  
(b) ii --- 
79.50 
78.50 
7 7 .50 
76.50 
75.50 
?4.50 
73.50 
72.50 
71.50 
70.50 
69.50 
68. 50  
67 . 50 
66. 50 
b5. 5 0  
64. 5 0  
6.3 . 50 
h L .  5(J 
0 1  . 3 0  
htl. > ( J  
59. 50 
58. 
57. 50 
4.811 E14 
5 . 7 0 3  E14 
6.7'33 E14 
7.916 E14 
9.275 E14 
1.082 E15 
1.259 E15 
1.459 E15 
1.686 E15 
1.942 E 1 5  
2 . 2 3 0  E15 
2.554 E15 
2.911 E15 
3.324 E15 
1.171 E 1 5  
4.282 E15 
4 . 8 4 3  E 1 5  
i . 4 h h  E 1 5  
h . l > b  E15 
h . Y I H  El'., 
1 .160  E15 
8 . h 8 t  E15 
9.706 E15 
Molecular Thickness 
( E n t i r e  Ray) 
A i r  
7.7281 
1.4818 
2.1415 
2 .a413 
3,6142 
4.4808 
5.4614 
b.5124 
7 .a333 
9.2629 
1.0882 
1.2713 
1.4781 
1.7097 
1.9724 
2.2672 
2.5973 
2.9665 
3.3787 
3.8380 
4.3491 
4.9166 
E2 1 
E22 
E22 
E22 
E22 
E22 
E22 
E22 
E22 
E22 
E23 
E23 
E23 
E23 
E23 
E23 
E 23 
E23 
E 23 
E 23 
E23 
E23 
Ozone 
2.803 E15 
3.480 E15 
4.341 E15 
5.432 E15 
6.814 E15 
8.551 E15 
1.073 E16 
1.347 E16 
1.693 E16 
2.129 E16 
2.678 E16 
3.368 E16 
4.238 E16 
5.334 E16 
6.722 E16 
8.462 E16 
1.064 E 1 7  
1.338 E17 
1.688 E17 
2.120 E17 
2.669 E 1 7  
3.330 E17 
5.5457 E23 4.135 E18  
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R a y ( i  -- 1 
24 
2 5  
26 
21 
28 
29 
3 0 
31 
32 
33 
34 
35 
36 
37 
38 
39 
4 0 
41 
42 
43 
44 
45 
46 
47 
48 
49 
5 0 
51 
52 
TABLE 6-1 
TOTAL MOLECULAR THICKNESSES FOR RAYS 
Alt i tude  
1 1  (Icm) ii 
56.50 
55 .50  
54. 50 
53 . 50 
5 3  50 
51.50 
50.50 
49.50 
48.50 
47.50 
46.50 
45.50 
44.50 
43.50 
42.50 
41.50 
40.50 
3 9 . 5 0  
38.50 
37.50 
36.50 
35.50 
34. 50  
33.50 
32.50 
3 1 . 50 
30. 5(J 
39.50 
28.50 
___I-- 
1. Mo lec u 1 es f a i r ( -  0 3  
1.083 
1.205 
1.340 
1.487 
1.673 
1.884 
2 . 1 2 2  
2.388 
2.694 
3.028 
3.447 
3.933 
4.482 
5.140 
5.886 
6.750 
7.758 
8.936 
1 * 030 
1.190 
1.375 
1,594 
1.797 
2 .153  
2 .  508 
2.924 
3.432 
4.014 
4.122 
E16 
E16 
E16 
E 16 
E16 
E16 
E16 
E16 
E16 
E16 
E16 
E16 
E16 
E16 
E16 
E16 
E16 
E16 
E 1 7  
E 1 7  
E17 
E17 
E 17 
E17 
E17 
E17 
E 1 7  
E17 
E17 
1 - 80 (contd) 
Mo 1 ec u l a r  Thickness 
(Ent i re  Ray) 
A i r  Ozone 
6.2426 E23 5.129 E 1 8  
7.0113 E23 6.280 E 1 8  
7.8606 E23 7 . 7 1 7  E 1 8  
8.7962 E23 9.494 E18  
9,8661 E23 1.168 E 1 8  
1.1084 E24 1.438 E18  
1.2463 E24 1.769 E 1 8  
1.4016 E24 2.176 E 1 8  
1.5777 E24 2.678 E18  
1.7751 E24 3.294 E 1 8  
2.0036 E24 4.053 E 1 8  
2.2677 E24 4.984 E 1 8  
2.5702 E24 6.132 E 1 8  
2.9212 E24 7.549 E 1 8  
3.3251 E24 9,288 E 1 8  
3.7903 E24 1.142 E19 
4.3283 E24 1.405 E19 
4.9519 E24 1 .728  E19 
5.6741 E24 2.145 E19 
6.5131 E24 2.674 El9 
7.4861 E24 3.343 E19 
8.6211 E24 5.188 E19 
9.8602 E24 5.252 E19 
1.1433 E25 6.532 E19 
1.3268 E25 7.966 E19 
1.5399 E25 9.598 El9 
1.7922 E25 1.157 E20 
2.0875 E25 1.334 E20 
2.4374 E25 1.498 E20 
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Kay( i) 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
7 1  
7 2  
73 
74 
7 5  
76 
7 7  
78 
79 
80 
TABLE 6-1 
, .  
TOTAL MOLECULAR THICKNESSES FOR RAYS 1 - 80 (contd) 
A T t  i t  tide 
h (km) ii 
27.50 
26.50 
2s. 50 
24. so 
23.50 
2 2 .  so 
21.50 
20.50 
19.50 
18.50 
17.50 
16.50 
15.50 
14.50 
13.50 
12.50 
11.50 
10.50 
9.5u 
8.50 
7 .5O 
6.50 
5.50 
4.50 
3 . 5U 
2 .  51, 
1.5CJ 
0 * 50 
-_._--- 
) 
Molecules ;a i r (  cm3 
5.564 
6.S73 
7.696 
9.339 
1.069 
1.248 
1.456 
1.710 
2.000 
2.339 
2.737 
3.201 
3 * 745 
4.382 
5.126 
5.998 
7 .Ol9 
8.082 
9.145 
1.03 1 
1.159 
1.299 
1.451 
1.616 
1.796 
1.991 
2.201 
2.427 
E17 
E 1 7  
E17 
E17 
E 18 
E18 
E 1 8  
E 18 
E 1 8  
E 18 
E 18 
E 1 8  
E 1 8  
E18 
E 1 8  
E 1 8  
E 18 
E 1 8  
E 18 
E19 
E19 
E 19 
E19 
E 19 
E 1 9  
E19 
E 19 
E 19 
Molecular Thickness 
(En t i r e  Ray) 
Air Ozone 
2.8522 E25 1.658 E20 
3.3453 E25 1.819 E20 
3.9188 E24 1.970 E20 
4.6402 E25 2.114 E20 
5.4305 E25 2.132 E20 
6.3479 E25 2.058 E20 
7.4188 E25 1.971 E20 
8.6849 E25 1.875 E20 
1.0164 E26 1.780 E20 
1.1892 E26 1.669 E20 
1.3913 E26 1.563 E20 
l'.6276 E26 1,470 E20 
1.9041 E26 1.389 E20 
2.2276 E26 1.320 E20 
2.6059 E26 1.264 E20 
3.0486 E26 1.219 E20 
3.5668 E26 1.179 E20 
4.1521 E26 1.143 E20 
4.7927 E26 1.112 E20 
5.4980 E26 1.083 E20 
6.2775 E26 1.058 E20 
7.1386 E26 1.034 E20 
8.0872 E26 1.013 E20 
9.1297 E26 9.925 E19 
1.1283 E27 9.740 E19 
1.2603 E27 9.567 E19 
1.3320 E 2 7  9.405 E19 
1.3727 E 2 7  9.254 E19 
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For present considerations, it is assumed that when the transmitted 
intensity falls within the range 
the intensity ratio can be measured with sufficient accuracy to de- 
termine the optical thickness , Ti (X,). (A more exact range of inten- 
sity ratios will be specified upon the completion of a detector sensi- 
tivity, and signal-to-noise analysis which is discussed in Section 6.6.) 
The criterion described by the above inequality, when used in con- 
junction with the data in Table 6-1, serves to define the wavelengths 
that can be usefully monitored. This can be illustrated by evaluating 
the optical thickness for the 29002 component of various rays passing 
through the earth's atmosphere. 
Table 6-2 summarizes the air and ozone molecular thicknesses, for 
rays number 12 through U, 8s well as the contributions to the optical 
thickness by each type of molecule. 
the product of the molecular thickness and B, the Rayleigh scattering 
cross-section per molecule, (B(29OOR) * 5.763 x an2.) The ozone 
optical thickness is the product of the total ozone molecular thick- 
2 ness and the absorption cross-section a(a(2900g) = 1.196 x cm ). 
The sum of these two products 
gives a measure of the attenuation of the 29008 component of the ith 
ray, i.e., as in equation 6-1. The range of values of 7 which 
appears in Table 6-2 ensure that the inequality of equation 6-2 is 
satisfied for the rays 12 through 31. For rays 1 through 11, the 
transmitted intensity at 29001 would be greater than 9R of the incident 
intensity and hence would not be suitable for measuring the optical 
(and therefore the molecular) thicknesses. For rays 32 through 80, 
The optical thickness of air  is 
or the total optical thickness, * Ti 
i 
the attenuation rapidly increases and little or no radiation would 
be transmitted. Thus, it is seen that monitoring solar radiation at 
2900% could provide useful data only for the rays shown in Table 6-2 
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( a t  l eas t  f o r  t h e  ozone and a i r  d i s t r i b u t i o n s  which were used i n  
t h i s  sample c a l c u l a t i o n . )  More gene ra l ly ,  i t  can be shown t h a t  any 
wavelength t h a t  i s  monitored will provide u s e f u l  d a t a  f o r  a l i m i t e d  
number of rays .  The reason f o r  t h i s  can be seen  by examining t h e  
range of va lues  of molecular ozone th icknesses  appearing i n  Table 6-1. 
Since t h e s e  va lues  vary  i n  magnitude from about  10’’ t o  about  10 
and s i n c e  the  des i r ed  o p t i c a l  th ickness  i s  of t h e  o rde r  of u n i t y ,  
wavelengths should be chosen such t h a t  t he  ozone absorp t ion  c ross -  
s e c t i o n s  vary  i n  magnitude by about four  o r  f i v e  o r d e r s  of magnitude. 
20 , 
The ozone absorp t ion  c ros s - sec t ions  i n  the  v i s i b l e  and W s p e c t r a l  
reg ions  do i n  f a c t  vary  from about  4 x cm2 a t  60008 t o  about 
2 
1 x l6I7 cm a t  26008. When t h e  Rayleigh s c a t t e r i n g  a t t e n u a t i o n  i s  
a l s o  taken i n t o  account ,  i t  can be shown t h a t  a wavelength can always 
be found such t h a t  va lues  of T ( 3  which are c o n s i s t e n t  wi th  the  
c r i t e r i o n  expressed by equat ion (6-2) w i l l  be obta ined  f o r  r ays  passing 
as high as 76.5 km above Su. 
l imi t ed  number of wavelengths are requi red  f o r  measuring the  o p t i c a l  
th icknesses  of a l l  of the  rays  shown i n  Table 6-1. One such poss ib l e  
se t  of wavelengths i s  l i s t e d  i n  Table 6-3, toge ther  w i th  t h e  ozone 
absorp t ion  c ros s - sec t ions  per  molecule and t h e  Rayleigh 
c ross - sec t ions  f o r  a i r  molecules. 
i 
It can f u r t h e r  be shown t h a t  on ly  a 
s c a t t e r i n g  
The wavelengths l i s t e d  i n  the above t a b l e  c o n s t i t u t e  a r e p r e s e n t a t i v e  
set .  The f i n a l  s e l e c t i o n  w i l l  take i n t o  account such f a c t o r s  as the  
poss ib l e  presence of Fraunhofer l i n e s  i n  the  s o l a r  spectrum, the  
poss ib l e  presence of absorp t ion  o r  emission by o t h e r  atmospheric 
c o n s t i t u e n t s  such as atmospheric sodium o r  n i t r i c  oxide,  etc.  
t e c t o r  system requirements and l i m i t a t i o n s  w i l l  a l s o  have t o  be 
considered. 
De-  
I n  a d d i t i o n  t o  t h e  need f o r  monitoring d i f f e r e n t  wavelengths because 
of t he  s p e c t r a l  dependence of the  o p t i c a l  th ickness ,  T ~ ,  i t  i s  requi red  
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2 600 
2700 
2800 
2900 
3000 
3050 
3 100 
4800 
6000 
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TABLE 6 - 3  
ATTENUATION CROSS-SECTIONS 
> ( A ) ,  Ozone(cm 2 ) 
1.0136 X d7 
6.873 X 
3.405 X 
1.196 X 
3.192 X 
1.604 X 
9.267 X 
0.900 X 
4.355 x lo-21 
68 
2 p ( A ) ,  A i r ( c m _ l  
8.922 X 
7.674 X 
6.640 X 
5.763 X 
5.034 x 
5.380 X 
5.739 x lo'26 
7.682 X 
3.147 X 
that two wavelengths be monitored at each instant in order to separate 
the two individual contributions to the total attenuation. This can 
bee seen by considering the following two equations: 
In equations (6-3) and (6-4), N. (03) and Ni (air) represent, respectively, 
the total number of ozone and air molecules, per unit cross-sectional 
area, encountered by the ith ray in its path through the atmosphere. 
1 * 
If it is assumed that the D @ . )  and f3 (Aj )  are known exactly, then 
equations (6-3) and ( 6 - 4 )  can be solved for the two unknowns, Ni(Q3) 
and N.(air). Thus, two wavelengths,for which the inequality of 
equation ( 6 - 2 )  are simultaneously satisfied,muolt be monitored for 
each ray. 
J 
1 
Table 6-4 shows that if 29008 is one of the wavelengths monitored for 
the rays 12 through 31, the second wavelength could be at 28008 for 
some of these rays and/or at 30002 for others. 
illustrates that with each of three wavelengths chosen, 28008, 29002, 
and 30008, measurable attenuations would result for rays 17 through 26. 
The table also 
Thus, the possibility exists of obtaining two independent measurements 
of the air and ozone profiles through the altitude range represented 
by these rays. This is shown in a more general way in Fig. 6-2 for 
twelve visible and UV wavelengths. This figure graphically shows 
that measurable attenuations will result at two or more wavelengths 
for any tangential ray path through the atmosphere passing as high as 
70-75 km above Su. 
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!eL.W. 
3 1  
39 
29 
28 
27 
26 
25 
24 
23 
22 
21 
20 
19 
18 
17 
16 
15 
14 
13 
12 
TABLE 6-4 
'rO'fAI. OPTICAL THICKNESS AND TRANSMISS ION 
A 1 t. i t iide (280Ow) 
49 .50  
50. 5 0  
51.51) 
52. SO 
53.50 
54.50 
55.50 
56.50 
57.50 
58.50 
59.50 
60.50 
61.50 
62.50 
63.50 
64.50 
65.50 
66.50 
67.50 
68.50 
I- 
- .  
- -  
- -  
- -  
2.6799 
2.1848 
1.7880 
1.4449 
1.1666 
0.9456 
0.7545 
0.6025 
0.4812 
0.3847 
0.3078 
0.2461 
0.1931 
0.1541 
0.1231 
T 
. 05  
.o k- 
.05( 
. 0 5-- 
. 0 E- 
O. 069 
0.112 
0.167 
0.236 
0.311 
0.388 
0.470 
0.547 
0.618 
0.681 
0.735 
0.782 
0.824 
0.847 
0.884 
(2900W) 
-- 
2 .  ha33 
2.1863 
1.7834 
1.4538 
1.1863 
0.9863 
0.7914 
0.6495 
3.49/8 
0.4266 
0.3443 
0.2757 
"0.2210 
0.1772 
0.1423 
0.1143 
0.0918 
0.073/ 
0.0592 
0.04/6 
T 
0.068 
0.113 
0.168 
0.234 
0.305 
0.373 
0.453 
0.522 
0.608 
0.653 
0.709 
0.759 
0.802 
0.838 
0.867 
0.892 
0.912 
0.929 
0,943 
0.954 
I_ 
(30001) 
T -- I- -
0.7653 0.465 
0.6272 0.534 
0.5147 0.598 
0.4225 0.655 
0.3424 0.710 
0.2859 0.751 
0.2357 0.790 
0.1951 0.823 
0.1599 0.852 
0.1311 0.877 
0.1071 0.898 
0.0835 0.920 
0.0708 0.932 
0.0576 0.944 
0.0471 0.954 
>.96 
5.96 
5.96 
>.96 
7.96 
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Figure 6-2.  
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Transmission of Earth's Atmosphere for Various Tangential 
Solar Rays 
3626197 
The above discussion serves to describe the type of analyses which 
have been undertaken in connection with the method of differential 
attenuation of solar radiation. In addition to the selection of 
wavelengths, other aspects under investigation are: (1) an estimate 
of the accuracy of the technique which takes into account both the 
inherent uncertainty in the values of the pertinent cross-sections 
and the accuracy with which the intensity ratios Ii(A.)/I0(A.) can 
be measured, (2)  the number of rays which can reasonably be expected 
to be measured during a satellite's passage through the sunset and 
sunrise portions of its orbit, (3)  the amount of global coverage 
that would result from the implementation of such a measurement 
technique aboard an orbiting satellite. The coverage to be defined 
will include the number of locations above which the vertical ozone 
profile would be determined during one day, and the frequency at which 
such measurements would be made above any given location (4) the 
analytical techniques which will allow the vertical ozone distribution 
to be deduced from a measurement of the intensity ratios I (1.)/1 (1.). 
This involves essentially the simultaneous solution of n equations 
of the type represented by equations (6-3) and ( 6 - 4 )  where n is the 
number of rays at which the intensity ratio measurements are taken. 
(The n unknowns are the contributions to N (0 ) and Ni(air) made by 
the n spherical shells for each of the n rays.) This analysis will 
be performed with the aid of the modified INVOZONE computer program, 
(5) the complications introduced by the finite size of the sun and 
by atmospheric refraction are being analyzed, ( 6 )  instrument design 
studies based on the wavelength selection considerations have been 
initiated. These aspects are discussed in the following subsections. 
J J 
i J  O J  
i 3  
6 . 4  IMPLICATIONS OF THE DEVIATION OF THE SOLAR DISC FROM A POINT SOURCE 
The fact that the sun cannot be treated as a point source in the applic- 
cation described above has previously been considered to be an inherent 
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l i m i t a t i o n  of t h i s  measurement technique172 However, an in- 
v e s t i g a t i o n  of t he  problem i n d i c a t e s  t h a t  t he  oppos i te  may be t r u e .  
Rather than represent ing  a l i m i t a t i o n ,  t he  f i n i t e  s i z e  of t h e  sun ' s  image 
may be used t o  advantage due t o  the  f a c t  t h a t  t h e  image r ep resen t s  a 
l a r g e  number of po in t  (or  l i n e )  sources  with d i f f e r e n t  pa ths  through the  
atmosphere. The e x t e n t  of t h i s  v a r i a t i o n  i n  pa ths  can be  apprec ia ted  
by re ference  t o  Fig.  6-3. The p o s i t i o n  of t h i s  s a t e l l i t e  i s  represented  
by the  po in t  B i n  t h i s  f i g u r e ,  and i s  assumed t o  be a t  some known a l t i -  
tude hs. The extreme rays  of t he  sun a r e  represented  by the  pa ths  DIHl 
and QP. The range of a l t i t u d e s ,  ! h , d i r e c t l y  above the  sunse t  po in t  
which i s  def ined by these  extreme ray& i s  represented  by the  l i n e  
segment K1K3. 
3 s h e l l s  only.  
For s i m p l i c i t y ,  t he  e a r t h ' s  atmosphere i s  divided i n t o  
The s o l a r  r ad ius ,  R, from cen te r  t o  limb i s  known t o  be equal  t o  
5 
6.957 (2 .QQl)  X 10 km. The d i s t ance  from the  e a r t h  t o  the  sun, 
approximately equal  t o  A.U., t he  ast ronomical  u n i t ,  i s  taken as 
1.4953 X 10 km. Therefore ,  the  sun,as  observed by a sa te l l i t e  a t  a 
d i s t ance  AB from a loca t ion  d i r e c t l y  above the  sunset p o i n t , i e  not  a 
poin t  source but a d i s c  which subtends an angle  cy a t  t he  s a t e l l i t e , w h e r e  
8 
R 6.95 7x105 .. 4. 653x10- 3 
1.495 X lo8 =-- 
R 
A.U.+A B A.U. 
a=(B1+o3) 32' , f o r  AB << A.U. 
This  r ep resen t s  a v e r t i c a l  range descr ibed by the  extreme rays  of t h e  
sun above the  sunse t  po in t  of 4h: 
hh = 2A B (4.65X10-3)km - 9 . 3 0 ~ 1 Q - ~  A B km. 
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c 
0 
Taking the earth's radius as 6375 km. and for a satellite orbital alti- 
tude of h the following relationship between h and !h results. 
S' S 
km . 21 112 4h = 9.30 X (6375 + hsIZ - (6405) I 1 
The altitude range above the sunset p o i o t  defined by the extreme 
rays are shown in Table 6-5 for a number sf orbital altitudes. 
TABLE 6-5  
200 
400 
600 
800 
1000 
1500 
13.8 
20.5 
25.7 
30.1 
34.0 
4 2 . 6  
It can be seen that for any anticipated satellite altitude, the range 
of altitudes Ah is large with respect to even the coarsest spatial 
resolution requirements. The analyses of the preceding subsections, 
on the other hand, are essentially valid only if the tangential or 
central ray BG G is used for the measurement of solar intensities. 
However, this represents no insurmountable obstacle since optics can 
be designed which select only a slice of the solar image whose path 
through the atmosphere approximates that of the central ray. The in- 
tensity of solar radiation can be shown to be such that a reduction 
of 20 or 30 due image-slicing can be tolerated. That is, the large 
signal-to-noise ratios will still be obtained if photomultiplier detect- 
ion techniques are used. 
1 3  
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However, r a t h e r  than being l imi t ed  t o  t h e  s e l e c t i o n  of t h e  c e n t r a l  ray ,  
a v a r i e t y  of rays  could be o p t i c a l l y  i s o l a t e d  o r  t he  e n t i r e  s o l a r  d i s c  
could be scanned f o r  any ins tan taneous  p o s i t i o n  of t h e  s a t e l l i t e .  
That i s ,  superimposed upon t h e  scanning provided by motion of t h e  
s a t e l l i t e  a supplementary scanning of t h e  s o l a r  d i s c  can be obta ined  
o p t i c a l l y .  Since t h i s  ozone measuring technique i s  s e l f - c a l i b r a t i n g  
( i . e . ,  t he  i n t e n s i t y  of s o l a r  r a d i a t i o n  from a segment of t h e  s o l a r  d i s c  
i s  measured f i r s t  when t h e  e a r t h ' s  atmosphere does no t  i n t e rvene  and 
then a f t e r  i t  passes through a known path through t h e  atmosphere), t h e  
t o t a l  number of ozone and a i r  molecules can be measured f o r  t hese  
a d d i t i o n a l  non- tangent ia l ,  o r  s l a n t ,  pa ths  through the  atmosphere. The 
a d d i t i o n a l  information obta ined  from these  s l a n t  pa ths  can be u s e f u l  
i n  determining any s i g n i f i c a n t  depa r tu re s  from s p h e r i c a l  symmetry i n  
the  ozone concent ra t ions  i n  the  i n d i v i d u a l  s h e l l s .  
This  can be most e a s i l y  shown by r e f e r r i n g  aga in  t o  Fig.  6-3. The 
ozone concent ra t ions  i n  the  t h r e e  shells could be determined by allow- 
ing  t h e  s a t e l l i t e  motion t o  scan the  atmosphere, i .e . ,  s e l e c t  t h e  r ays  
passing through the  cen te r s  of s h e l l s  1, 2, and 3 a t  th ree  success ive  
s a t e l l i t e  pos i t i ons .  This  i s  e s s e n t i a l l y  the  technique which has  been 
descr ibed  i n  d e t a i l  i n  previous po r t ions  of t h i s  sec t ion .  An a l t e r n a t e  
approach would be t o  a l low the s a t e l l i t e ,  when a t  t he  p o s i t i o n  B,  t o  
view the  t h r e e  rays  shown i n  the  f i g u r e ,  t he  c e n t r a l  ray ,  and t h e  two 
extreme rays .  The t r a v e r s e  length of these  rays  i n  each s h e l l  can again 
be determined from geometr ical  p r i n c i p l e s .  This geometry e x e r c i s e  
w i l l  no t  be presented i n  d e t a i l  he re ;  the  important r e s u l t s  are: 
1. I f  8 .  i s  the  angle  t h a t  the  j t h  ray makes wi th  the  c e n t r a l  
J 
ray ,  and h j  i s  the d i s t ance  of the  c e n t r a l  ray  from the  center  
o f l t h e  e a r t h ,  then the d i s t a n c e  of t he  j t h  ray  from the  cen te r  
of t he  e a r t h  i s  given by 
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2 
b = AB s i n p  -(h, /cosp.)(s in  p -l), f o r  r ays  above the  
j j J j 
c e n t r a l  r ay  and, 
2 
b = -AB s i n p  - ( h , / c o s p . ) ( s i n  $ -l), f o r  rays  below the  
j j J J j 
c e n t r a l  ray. I f  angles  f o r  rays  below the  c e n t r a l  ray  a r e  
given a negat ive  s i g n  
h 
b - AB s i n g j  - -&- ( s in2@ -l), f o r  a l l  j .  
j j j 
2. If aji  denotes the  length t h a t  t h e  j t h  ray  traverses i n  
the  i t h  s h e l l ,  whose top boundary i s  a t  a d i s t a n c e  c 
the  e a r t h ' s  cen ter ,  t hep 
1 /2  a - [.: - b i r -  t a j l  
The r e s u l t s  obtained i n  t h i s  form can be used i n  IMVOZBNE, 
with minor programming modif icat ions,  to  y i e l d  the  v e r t i c a l  
p r o f i l e  of t he  ozone concentrat ions.  
from 
i 
J i  l*i+1 
3. 
Two e s s e n t i a l l y  independent means of measuring the  ozone p r o f i l e  by 
the  d i f f e r e n t i a l  a t t e n u a t i o n  technique thus  exist. 
i n  the  method of scanning the  atmosphere. In a c t u a l  p r a c t i c e ,  t he  
optimum technique w i l l  probably prove t o  be one which combines both 
methods of scanning. 
They d i f f e r  only 
I n  the  sample example discussed above, t he  v e r t i c a l  d i s t r i b u t i o n  con- 
sists of three concent ra t ion  va lues ,  one f o r  each s h e l l .  I f  t h e  con- 
c e n t r a t i o n  were, i n  f a c t ,  uniform wi th in  each s h e l l ,  t he  two techniques 
would y i e l d  exac t ly  the  same d i s t r i b u t i o n s .  
obtained by the  two methods, however, the  assumption of s p h e r i c a l  
symmetry would obviously be suspect .  
each ray  in the  ind iv idua l  s h e l l s ,  an i n d i c a t i o n  of t he  loca t ions  of 
I f  d i f f e r e n t  r e s u l t s  were 
By comparing t h e  exac t  pa ths  of 
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anomalously high o r  low concent ra t ion  reg ions  wi th in  a s h e l l  could be 
obtained.  
t h r e e  r a y s ,  say seven o r  e i g h t ,  a t  one s a t e l l i t e  pos i t i on .  F i n a l l y ,  
by performing an o p t i c a l  scan of t h e  e n t i r e  s o l a r  d i s c  a t  a l a r g e  number 
of s a t e l l i t e  p o s i t i o n s ,  a h igh- reso lu t ion  mapping of the  v e r t i c a l  and 
h o r i z o n t a l  ozone d i s t r i b u t i o n  could i n  p r i n c i p l e  be obtained.  
More information could be obta ined  by sampling more than j u s t  
The a c t u a l  number of r ays  t h a t  are measured i n  any given s a t e l l i t e  
passage w i l l ,  therefore ,be  determined, i n  the  optimum case ,  by 
d e t e c t o r ,  o p t i c a l  scanning, d a t a  recording,  reduct ion ,  and te lemet ry  
l i m i t a t i o n s .  It neve r the l e s s  i s  ev ident  t h a t  by e x p l o i t i n g  t h e  f i n i t e  
s i z e  of t he  sun 's  image, t he  need f o r  assuming s p h e r i c a l l y  symmetric 
atmospheric s h e l l s  can i n  l a r g e  p a r t  be e l imina ted .  
6.5 THE ATMOSPHERIC DISPERSION PROBLEM 
The s u b j e c t  of atmospheric r e f r a c t i o n  was f o r  many years  one of t h e  
most widely s tud ied  problems i n  astronomy. has  r e c e n t l y  
reviewed t h e  problem, wi th  emphasis on the  wavelength dependence (a t -  
mospheric d i spe r s ion )  of t he  r e f r a c t i o n  f o r  rays which can be considered 
t o  be nea r - t angen t i a l  ( zen i th  angles  g r e a t e r  than 80 ). I n  earth-bound 
observa t ions  of rays  en te r ing  the e a r t h ' s  atmosphere from a d i r e c t i o n  
near  t he  horizon,  t he  v i o l e t  l i g h t  appears  t o  come from a po in t  nearer  
the  horizon than the  red .  This must be compensated f o r  e i t h e r  i n  the  
reduct ion  of da t a  o r  by some compensating o p t i c s ,  which exac t ly  s h i f t  
t he  two wavelengths of i n t e r e s t  by an amount equal  t o  the  atmospheric 
d i spe r s ion ,  before  the  two wavelengths e n t e r  t he  s l i t  of t h e  recording 
instrumeEt.  I n  e i t h e r  case ,  the c o r r e c t  magnitude of t he  atmospheric 
d i spe r s ion  must be  known. 
0 
I n  a d d i t i o n  t o  t h i s  d i spe r s ion  problem, atmospheric r e f r a c t i o n  can 
in t roduce  two sources  of e r r o r  i n  the  sa te l l i t e  a p p l i c a t i o n  of t h e  
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d i f f e r e n t i a l  a t t e n u a t i o n  technique. 
of a r a y  t r a v e r s i n g  t h e  e a r t h ’ s  atmosphere, r e f r a c t i o n  can, i f  not 
proper ly  accounted fo r ,  cause erroneous va lues  t o  be assumed fo r :  
For a g iven  wavelength component 
1. The a l t i t u d e  a t  which t h e  r ay  o f - i n t e r e s t  passes  above 
2. t h e  lengths  t r ave r sed  by the  rays i n  t h e  ind iv idua l  atmos- 
t h e  sunse t  po in t ,  and 
phe r i c  s h e l l s .  
These problems have been analyzed by Venkateswaran, e t .  a l .  174 who 
show t h a t  t h e  r e f r a c t i o n  e f f e c t s  can be corrected. 
shows t h a t  t h e  magnitude of t h e  r e f r a c t i o n  as a func t ion  o f  wavelength 
Simon1’’ also 
can be computed t o  any reasonably d e s i r e d  accuracy. 
7087-Final 79 
6.6 OZONE SIGNAL DETECTION AND MEASUREMENT 
Opt ica l  d e t e c t i o n  of a t t enua ted  W and v i s i b l e  s o l a r  r a d i a t i o n ,  i n  
connect ion w i t h  t h e  pas s ive  ozone measurement technique descr ibed  i n  
previous subsec t ions ,  i s  q u i t e  s t ra ight forward  and capable  of providing 
h igh  measurement accuracy and prec is ion .  I n  p a r t i c u l a r ,  accu ra t e  
measurements of ozone concen t r a t ion  are achievable  s i n c e  l a r g e  o p t i c a l  
s i g n a l s  are obtained from viewing t h e  s o l a r  f l u x  d i r e c t l y  a f t e r  i t  
has been t ransmi t ted  through t h e  e a r t h ' s  atmosphere. 
s i n c e  t h e  sun is  t h e  s i g n a l  source and i s  viewed d i r e c t l y ,  t h e  o p t i c a l  
r e c e i v e r  i n  the  s a t e l l i t e  can be designed t o  have a f i e l d  of view 
which i s  s u f f i c i e n t l y  s m a l l  so t h a t  major sources  of no i se  and measure- 
ment e r r o r s  are s i g n i f i c a n t l y  reduced; and, i n  a d d i t i o n ,  t h e  o p t i c a l  
r ece ive r  s p e c t r a l  bandwidth can be as narrow as p r a c t i c a b l e  so t h a t  
s p e c t r a l  i n t e n s i t i e s  can  be measured wi th  f i n e  s p e c t r a l  r e so lu t ion .  
S t i l l  f u r t h e r ,  t he  a v a i l a b l e  s i g n a l  i n t e n s i t y  and the  satel l i te  o r b i t  
and measurement geometry are such t h a t  several wavelengths can be 
scanned a t  modest rates and s i g n a l s  i n t eg ra t ed  over reasonable  times 
t o  ensure  adequate measurement s e n s i t i v i t y  and accuracy. 
Furthermore, 
The subsec t ions  which folluw conta in  q u a n t i t a t i v e  d i scuss ions  of s i g n a l  
d e t e c t i o n  and f a c t o r s  t h a t  a f f e c t  the  measurement system s e n s i t i v i t y  
and accuracy. 
6 .6 -1  SIGNAL DETECTION 
The magnitude of t he  s o l a r  f l u x  t h a t  reaches t h e  s a t e l l i t e  when t h e  
sui irs  r ays  are t a n g e n t i a l  t o  t he  e a r t h ' s  atmosphere depend upon t h e  
azimuthal p o s i t i o n  of the  s a t e l l i t e  wi th  r e spec t  t o  the  e a r t h ,  as w a s  
shown i n  Fig.  6-1. The s a t e l l i t e  i s  shown i n  a p o s i t i o n  t h a t  i s  
intermediate  between t h e  measurement p o s i t i o n s  of m a x i m u m  and minimum 
s o l a r  f l u x  a t t enua t ion  by the  e a r t h ' s  atmosphere. As t h e  satel l i te  
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makes i ts  t r a n s i t  through each t a n g e n t i a l  incremental  a l t i t u d e ,  t h e  
sun is  t racked  and t h e  s p e c t r a l  i n t e n s i t i e s  a t  several s e l e c t e d  W 
and o p t i c a l  wavelengths are measured s e q u e n t i a l l y .  
w e  d e r i v e  an express ion  f o r  t h e  o p t i c a l  r e c e i v e r  system s igna l - to -no i se  
r a t i o  (SNR), make c e r t a i n  assumptions about t h e  system des ign ,  and 
then e v a l u a t e  the  system performance. 
I n  t h i s  s e c t i o n  
The o p t i c a l  r e c e i v e r  is assumed t o  c o n s i s t  simply of an  o b j e c t i v e  
l e n s ,  a f i e l d  s t o p ,  s e l e c t a b l e  narrowband o p t i c a l  f i l t e r s ,  and a 
photodetec tor .  The photodetector  can be e i t h e r  t h e  photoemissive 
o r  s o l i d - s t a t e  type  photodetec tor ,  which is s e n s i t i v e  over  t h e  s p e c t r a l  
r e g i o n  from about 0 . 2 5 ~  t o  0 . 6 5 ~ .  
photoemissive d e t e c t o r  which allows a wide dynamic signal d e t e c t i o n  
range. The o v e r a l l  performance of t h e  o p t i c a l  receiver is  determined 
by t h e  system SNR. 
For t h e  p re sen t  we cons ide r  a 
"he s o l a r  f l u x  on t h e  photodetec tor  produces a photocurren t  which is 
p ropor t iona l  t o  t h e  i n t e n s i t y  of t h e  inc iden t  r a d i a t i o n ,  Ps, given  
by 
where I$, = d e t e c t o r  quantum e f f i c i e n c y  
e = e l e c t r o n i c  charge 
hv = energy per photon 
The i n t e n s i t y  of t h e  s o l a r  r a d i a t i o n  a t  t h e  photodetec tor  i s  given by 
S 
P (watts) 
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where % = s o l a r  spectral ,  i r r a d i a n c e  ou t s ide  the  e a r t h ' s  atmosphere 
i n  w a  t t s / cm2 / A 
AA = s p e c t r a l  bandwidth of o p t i c a l  f i l t e r  
% = o b j e c t i v e  a p e r t u r e  
To = o p t i c a l  system transmission 
TA = atmospheric t ransmi t tance  func t ion  
Combining Eqs. 6-5 and 6-6 and assuming t h a t  a photomul t ip l ie r  i s  used 
wi th  i n t e r n a l  ga in ,  GD, t h e  output s i g n a l  vo l t age  ac ross  the  d e t e c t o r  
load r e s i s t o r ,  %, is given by 
) TA e To % I'D GD % hv (6-7) 
Equation 6-9 expresses  t h e  r e spons iv i ty  of t he  system; however, of 
a d d i t i o n a l  i n t e r e s t  i s  the  minimum d e t e c t a b l e  s i g n a l .  
The s i g n a l  vo l t age  must exceed the  noise  vo l t age  of t h e  o p t i c a l  
r ece ive r .  For the  case  of t he  photomul t ip l ie r ,  assuming n o i s e l e s s  
m u l t i p l i c a t i o n ,  t he  noise  of t he  d e t e c t o r  load c o n s i s t s  of shot  no i se  
produced i n  the  photodetect ion process  and thermal noise  produced by 
the  load r e s i s t o r .  
The o p t i c a l  system s igna l - to -no i se  r a t i o  is  expressed by 
I S  sm = 
y/ 2e It Af  + 4Fk T Af/GD RL 
where It = Is + lBG + Id 
= photocurrent produced by background sources  IBG 
Id = d e t e c t o r  dark cu r ren t  
F = pos tde tec t ion  noise  f i g u r e  
k = Boltzmann's cons tan t  
T = temperature 
Af e l e c t r o n i c  bandwidth 
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Assume t h a t  t h e  o p t i c a l  receiver is  s i g n a l  s h o t  no i se  l i m i t e d ;  i.e., 
I >> I >> IBG and 2e Is Af >> 4Fk T Af/GD S d 
Equation 6-8  now becomes 
The minimum d e t e c t a b l e  s o l a r  f l u x  i s  g iven  by Eq. 6-9  f o r  the case 
where SNR = 1. More r e a l i s t i c a l l y ,  t h e  SNR should be g r e a t e r  than 
u n i t y  a t  a va lue  which i s  c o n s i s t e n t  w i t h  d e s i r e d  system measurement 
accuracy. 
s i g n a l  i s  determined a l s o  by the s p e c t r a l  r e s o l u t i o n  and sampling 
rate requirements  imposed on the measurements. 
It i s  apparent  from Eq. 6-9 t h a t  t h e  minimum d e t e c t a b l e  
For t h e  case j u s t  considered,  where t h e  o p t i c a l  receiver is s i g n a l  
sho t  no i se  l imi t ed ,  t h e  minimum d e t e c t a b l e  s i g n a l  is determined by 
t h e  d e t e c t a  no i se  equ iva len t  power, NEP, which i n  t u r n  depends upon 
t h e  e l e c t r o n i c  bandwidth requirements of t h e  measurements, g iven  by 
[a Af]l/* 
(watts) P = NEp = 
‘min D* 
(6- 10) 
where pt, = d e t e c t o r  area 
-1 D” = d e t e c t i v i t y  i n  cm-Hz’’2-watt 
Af - - = e l e c t r o n i c  bandwidth 2 
t s 
= period of maximum s i g n a l  frequency 
When t h e  system bandwidth requirements are l a r g e  such that t h e  
S k S d cond i t ion  2e I Af >> 4F T Af/G 
hold,  then  t h e  system s e n s i t i v i t y  must be determined from Eq. 6-8 .  
We s h a l l  no t  determine t h e  l i m i t a t i o n  t o  system bandwidth using t h e  
% o r  when I >> I >> no longer 
f i r s t  condi t ion ,  i .e.,  
708 7 -Fina 1 83 
2Fk T bf 
GD RL 
e Is Af > 
Using Eq. 6-5, Eq. 6-11 can be r e w r i t t e n  
Flc T hv 
> 
e2 11, G~ R~ pS 
where 
Flc T hv 
e I'D GD % 
2 = NEP > 1 i m  pS 
(6-11) 
(6-12) 
(6-13) 
The d e t e c t o r  load r e s i s t a n c e  cannot be made a r b i t r a r i l y  l a rge ,  however, 
s i n c e  R must a l s o  s a t i s f y  the  bandwidth cond i t ion  L 
(6- 14) 
where Cs = e f f e c t i v e  capac i tance  of d e t e c t i o n  system output  
Combining Eqs. 6-10 and 6-13, the  system e l e c t r o n i c  bandwidth must 
s a t i s f y  t h e  requirements 
or  from Eqs. 6-14 and 6-15 
2 2 e  11, G~ D"' 
Fk T hv 4" Cs A €  ( 
(6- 15) 
(6- 16) 
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Summarizing, t h e  optimum s e l e c t i o n  of pho tode tec to r  used f o r  t h e  
measurements depends upon several f a c t o r s ,  most important  of which 
are d e t e c t o r  r e s p o n s i v i t y ,  d e t e c t i v i t y ,  and frequency response.  From 
Eq. 6-7, it i s  seen  t h a t  t h e  s i g n a l  vo l t age  is  p ropor t iona l  t o  d e t e c t o r  
and load r e s i s t a n c e  , quantum e f f i c i e n c y ,  llD, m u l t i p l i c a t i o n  f a c t o r ,  
%. 
discussed .  
t o  use a d e t e c t o r  w i th  i n t e r n a l  ga in ,  such as a pho tomul t ip l i e r ,  even 
though quantum e f f i c i e n c i e s  are t y p i c a l l y  lower than  near -uni ty  g a i n  
s o l i d  state d e t e c t o r s .  Although i n t e r n a l  g a i n  does not  e n t e r  d i r e c t l y  
i n t o  SNR express ion  (Eq. 6-9) for t h e  case of s i g n a l  l imi t ed  ope ra t ion ,  
it is observed from Eq. 6-15 t h a t  i n t e r n a l  and n o i s e l e s s  photocurren t  
g a i n  assists i n  overcoming thermal no i se  l i m i t a t i o n s  whi le  broadening 
a l lowable  e l e c t r o n i c  bandwidths. 
GD, 
The la t ter  i s  l imi t ed  by bandwidth cons ide ra t ions  as a l r e a d y  
I n  o rde r  t o  inc rease  r e s p o n s i v i t y  then  i t  may be d e s i r a b l e  
The system e l e c t r o n i c  bandwldth must be s u f f i c i e n t  such t h a t  e a a l l  
changes i n  s o l a r  f l u x  are d e t e c t e d ,  c o n s i s t e n t  w i t h  measurement 
accu rac i e s .  Consider t h e  satell i te o r b i t  dep ic t ed  i n  Fig. 6-1. With 
the  sa te l l i t e  a t  an a l t i t u d e  of  1000 km and an o r b i t  v e l o c i t y  of about 
100 km/sec, t h e  minimum t i m e  of travel of t h e  satell i te between 
incremental  a l t i t u d e s  hi - h 1 km is 10 mi l l i second.  Now assume 
t h a t  10 wavelengths are t o  be scanned dur ing  t h e  t r a v e l  through each 
incremental  a l t i t u d e  and t h a t  the s i g n a l  i n t e g r a t i o n  time per  wave- 
l eng th  channel i s  1 mi l l i second.  
f o r  each observa t ion  is, consequently, about 2 kHe. 
j 
The e l e c t r o n i c  bandwidth requirement 
System performance can now be determined from Eq. 6-9 by making 
c e r t a i n  system parameter assumptions and by us ing  known va lues  of s o l a r  
s p e c t r a l  i r r a d i a n c e .  
(S-5 response)  and an o p t i c a l  r e c e i v e r  w i th  the fol lowing cha rac t e r -  
is t ics : 
Consider the case of a pho tomul t ip l i e r  tube 
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2 Receiver c o l l e c t i n g  area, AR = 50 c m  
Opt ica l  e f f i c i e n c y ,  To = 0.5 
Op t i ca l  bandwidth, 4~ = lo,! 
Detec tor  quantum e f f i c i e n c y ,  
E l e c t r o n i c  bandwidth, Af = 2000 Hz 
= 0.18 (at A = 2600A) I'D 
Assume t h a t  t h e  atmospheric t ransmi t tance  through t h e  maximum l eng th  
of atmosphere is TA = 0.1, which is  a wors t  case value.  
The s o l a r  f l u x  a t  h = 2600i ou t s ide  t h e  e a r t h ' s  atmosphere i s  
'A hv 
2 = - -  HA - 0.97 x 1OI2 photons/cm -sec-d. 
Using Eq. 6-9, t he  o p t i c a l  system s i g n a l  t o  no i se  i s  c a l c u l a t e d  t o  be 
4 12 - 3 x 1 0  0.1) (0.5) (50) (10) (0.18) (0.97 x 10 1 
(2 1 (2000) SNR = ( 
This  SMR performance i s  t y p i c a l  f o r  a measurement solar i r r a d i a n c e  a t  
the  lowest system s e n s i t i v i t y  level and i s  s u i t a b l e  f o r  r e l i a b l e  and 
accu ra t e  measurements of ozone concent ra t ion .  
So f a r  t h e  d e t e c t a b i l i t y  of t h e  d e t e c t i o n  system has been d iscussed  
wi thout  d e t a i l e d  mention of t he  f a c t o r s  a f f e c t i n g  t h e  accuracy of  t he  
measurements. These f a c t o r s  are now analyzed b r i e f l y .  
6.6.2 MEASUREMENT ACCURACY 
The method of e x t r a c t i n g  ozone concent ra t ion  from t h e  measurement 
d a t a  w i l l  be reviewed here  i n  order  t o  d e l i n e a t e  t h e  f a c t o r s  a f f e c t i n g  
the  measurement accuracy. 
For s i m p l i c i t y  it w i l l  be assumed t h a t  s o l a r  i n t e n s i t y  measurements 
are made a t  s p e c t r a l  wavelengths where t h e  ozone absorp t ion  is l a r g e  
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I i ( A l )  and completely n e g l i g i b l e  I i ( A 2 ) ,  where i corresponds t o  the  
i t h  a l t i t u d e  segment. When t h e  sa te l l i t e  i s  normal t o  the  s u n ' s  
t a n g e n t i a l  rays  and i n  a p o s i t i o n  where t h e  e a r t h ' s  atmosphere does 
not  in te rvene ,  then  r e fe rence  s i g n a l  i n t e n s i t i e s  are recorded,  i - e . ,  
Two r a t i o s  are formed; namely, 
where N.(air) = number of a i r  molecules pe r  r ece ive r  viewing 
1 area f o r  t h e  o p t i c a l  pa th  a t  t h e  i t h  a l t i t u d e  
B ( A 2 )  = molecular absorp t ion  c r o s s  s e c t i o n  due t o  
2 s c a t t e r i n g  by a i r  molecules a t  h 
and 
where @ ( A l )  = molecular absorp t ion  c ros s  s e c t i o n  due t O  scattering 
by a i r  molecules a t  A1 
f o r  o p t i c a l  path a t  t h e  i t h  a l t i t u d e  
Ni(03) 
a(Al) = ozone absorp t ion  c ros s  s e c t i o n  
= number of ozone molecules per  r ece ive r  viewing area 
From Eq. 6-17, 
and from Eq. 6-18, 
(6- 19) 
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Combining Eqs. 6-17, 6-18, and 6-19 y i e l d s  t h e  express ion  f o r  t o t a l  
ozone con ten t  g iven  by 
The measurement e r r o r  i n  t h e  t o t a l  ozone con ten t  i s  obtained by d i f f e r e n -  
t i a t i n g  Eq. 6-21 as follows: 
d 1 - + In (7) 
*l 
(6-22) 
The maximum e r r o r  i n  ozone conten t  i s  then  
88 
Errors  are incurred i n  the  ozone measurements due t o  u n c e r t a i n t i e s  i n  
measured i n t e n s i t i e s  ( including no i se  i n  s i g n a l ) ,  and i n  known va lues  
of absorp t ion  and s c a t t e r i n g  c o e f f i c i e n t s .  It is  observed t h a t  e r r o r s  
i nc rease  f o r  increas ing  va lues  of @ /p 
than t h e  l a r g e s t  wavelength se l ec t ed  t o  correspond wi th  the  ozone ab- 
so  t h a t  h should be l a r g e r  1 2  2 
s o r p t i o n  l i n e s ;  i n  t h i s  way, t he  e f f e c t s  of Rayleigh s c a t t e r i n g  are 
reduced f o r  t he  longer  wavelengths and B , / B ,  i s  minimized. 
Consider f o r  t h e  moment the  case  where absorp t ion  and s c a t t e r i n g  co- 
e f f i c i e n t s  are accura t e ly  known. The maximum percent  of e r r o r  i n  the  
ozone measurement i s ,  from Eqs. 6-21 and 6-23,  
x 100 = x 100 
Errors  i n  i n t e n s i t y  measurements a r i s e  from th ree  major sources:  
a. Var i a t ions  i n  sun ' s  i n t e n s i t y  across s o l a r  d i s c  
b. D i r e c t l y  and i n d i r e c t l y  s c a t t e r e d  s o l a r  r a d i a t i o n  
c .  Quantum and shot  no i se  
The sun i s  a r e l a t i v e l y  s t a b l e  source of energy s o  t h a t  i n t e n s i t y  
v a r i a t i o n s  due t o  source modulation can be neglected.  On t h e  o the r  
hand, the  sun ' s  b r igh tness  i s  s i g n i f i c a n t l y  lower a t  the  edge of  t he  
s o l a r  d i s c  than a t  the  c e n t e r  so  t h a t  s o l a r  t r ack ing  e r r o r s  could 
r e s u l t  i n  cons iderable  v a r i a t i o n s  i n  the  s o l a r  f l u x  being observed 
a t  the  s a t e l l i t e .  Figure 6 - 4  shows t h i s  limb-darkening e f f e c t ;  
u l t r a v i o l e t  r a d i a n t  i n t e n s i t y  i s  p a r t i c u l a r l y  reduced a t  t he  s u n ' s  
edge, where the  r a t i o  r / R  i s  def ined i n  Fig. 6-5. 
(6-24) 
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Figure 6 - 4 .  Limb Darkening Geometry 
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Figure 6-5 .  Limb Darkening Effect on Solar Disc-Intensity as a Function 
of Wavelength and Radial Location on Solar Disc 
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I n  order  t o  e f f e c t i v e l y  main ta in  c o n s t a n t  source i n t e n s i t y ,  t h e  sun 
must be a c c u r a t e l y  t racked.  Furthermore, t h e  sun must c o n t i n u a l l y  
remain i n  the  o p t i c a l  r e c e i v e r ' s  f i e l d  of view dur ing  t h e  measurement. 
The f i e l d  of view of t h e  r e c e i v e r  i s  determined p r i n c i p a l l y  by t h e  
v e r t i c a l  atmospheric r e s o l u t i o n  requirements and t h e  a l t i t u d e  of t he  
s a t e l l i t e  above t h e  e a r t h .  As discussed i n  a previous r e p o r t ,  t h e  
v e r t i c a l  increment observed when t h e  satell i te is a t  a he ight  of 1000 km 
i s  34 km when t h e  f u l l  sun is observed. I n  order  t o  improve t h i s  
v e r t i c a l  r e s o l u t i o n ,  one must observe only a small segment of t h e  sun. 
Since ample s igna l -  to-noise  performance is  achievable ,  then reducing 
t h e  observa t iona l  area of t h e  source is p r a c t i c a l .  The r e s u l t i n g  
decrease  i n  SNR is given by 
SNR' k e )  SNR (6-25) 
where 
k = limb-darkening c o e f f i c i e n t  
As = observed s o l a r  Area 
AT = t o t a l  area of sun 
Reducing the  o p t i c a l  r ece ive r  f i e l d  of view from about 32 minutes of 
arc t o  about one minute of arc has t h e  a d d i t i o n a l  advantage i n  t h a t  t he  
e f f e c t s  of i n d i r e c t  and d i r e c t  s o l a r  s c a t t e r i n g  are made neg l ig ib l e .  
The major source of measurement e r r o r  arises from quantum and shot  no ise ,  
which from Eq. 6-9 i s  
2hvhf 
TATo Pk % Hh 
1/2 A z =  E=(?) = ( 
A 
S 
I S (6-26) 
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SECTION 7 
RAMAN LASERS AS ACTIVE OZONE PROBES 
I n  t h e  long h i s t o r y  of  ozone measurements by o p t i c a l  techniques,  
few a t tempts  t o  use a c t i v e  probes have been made. The va r ious  
schemes which have been developed o r  proposed i n  t h e  pas t  depend 
mainly on e i t h e r  d i r e c t ,  i n d i r e c t ,  r e f l e c t e d ,  o r  s c a t t e r e d  s o l a r  
r a d i a t i o n .  However, t he  use of  a c t i v e  probes as p r a c t i c a l ,  ac- 
cu ra t e ,  and r e l i a b l e  ozone measuring devices  has  r e c e n t l y  become 
f e a s i b l e  wi th  the  advent of t h e  laser.  This  device  emits r a d i a t i o n  
which i s  coherent,  h igh ly  d i r e c t i o n a l ,  monochromatic, and very  in-  
t ense .  This  combinat ion of p r o p e r t i e s  warran ts  s e r i o u s  cons idera-  
t i o n  of the  laser f o r  measurements of atmospheric p r o p e r t i e s .  The 
backsca t t e r ing  of laser r a d i a t i o n  has ,  i n  f a c t ,  r e c e n t l y  been used 
as a means of  probing t h e  atmosphere. However, t he  monochromaticity 
of  laser r a d i a t i o n  has  proved t o  be a l i m i t a t i o n  on t h e  type  of 
information t h a t  can be der ived  from backsca t t e r ing  d a t a .  
S ince  very  few mater ia l s  a r e  capable  of emi t t i ng  pulsed, high-power 
laser r a d i a t i o n ,  f e w  wavelengths o f  i n t ense  laser r a d i a t i o n  would 
be a v a i l a b l e  were it not f o r  t h e  phenomenon known as s t imula ted  Raman 
s c a t t e r i n g  ( t h i s  phenomenon w i l l  be r e f e r r e d  t o  as S R S  and t h e  
r e s u l t i n g  r a d i a t i o n  as Raman laser r a d i a t i o n . )  This  e f f e c t  can be 
exp lo i t ed  t o  gene ra t e  in t ense  l a s e r - l i k e  r a d i a t i o n  a t  a wide v a r i e t y  
of  wavelengths and, therefore ,  t o  g r e a t l y  extend t h e  p o t e n t i a l  
usefu lness  of  lasers f o r  atmospheric probes.  A b r i e f  review of  t h e  
physics  involved i n  S R S  i s  presented i n  t h e  fol lowing subsec t ion .  
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Following t h i s ,  an  o u t l i n e  of var ious  methods i n  which Raman laser 
r a d i a t i o n  could be used t o  measure t h e  atmospheric ozone conten t  
i s  presented.  Subsect ion 7 . 3  d e a l s  wi th  d e t a i l s  of experimental  
measurements which have been performed f o r  t h e  express  purpose of 
producing wavelengths of Raman laser r a d i a t i o n  which c o i n c i d e  w i t h  
those i n  t h e  ozone absorp t ion  bands. C a l c u l a t i o n s  which show t h e  
f e a s i b i l i t y  of a n  a c t i v e  probe technique involving ground-based 
Raman lasers and s a t e l l i t e - b a s e d  d e t e c t o r s  are presented i n  Sub- 
s e c t i o n  7.4. 
7 . 1  STIMlTLATED RAMAN SCATTERING AND RAMAN LASERS 
The i n e l a s t i c  s c a t t e r i n g  of photons by molecules is known a s  Raman 
s c a t t e r i n g .  A s  a r e s u l t  of t h e  ac t  of s c a t t e r i n g ,  a n  inc ident  
photon of energy hv is  transformed i n t o  a s c a t t e r e d  photon of energy 
hv' . The energy d i f f e r e n c e ,  h l v - v '  1, r e p r e s e n t s  t h e  s e p a r a t i o n  
between a p a i r  of e l e c t r o n i c ,  v i b r a t i o n a l ,  o r  r o t a t i o n a l  le&s of  
t h e  s c a t t e r i n g  molecule.  The most connonly encountered forms o f  
Raman s c a t t e r i n g  involve t h e  l a t t e r  two types of molecular energy 
l e v e l s .  
i . e  ., t h a t  e x c i t e d  by an incoherent source of r a d i a t i o n ,  g e n e r a l l y  
c o n s i s t s  of many s p e c t r a l  l i n e s ,  each of which is separa ted  from 
t h e  e x c i t i n g  frequency by the  frequency of a v i b r a t i o n a l  o r  r o t a t i o n -  
a l  t r a n s i t i o n .  The number of l i n e s  i n  t h e  normal Raman spectrum 
depends on t h e  number of atoms i n  t h e  molecule and on t h e  symmetry 
of t h e  la t ter .  Figure 7-1  shows t h e  normal v i b r a t i o n a l  s p e c t r a  o f  
and D2, and Fig.  7-2 shows t h e  normal r o t a t i o n a l  spectrum of hydrogen. 
The normal o r  spontaneous Raman spectrum o f  a molecule, 
H2 
When giant-pulsed,  high i n t e n s i t y  laser r a d i a t i o n  i s  used t o  pro- 
duce Raman s c a t t e r i n g ,  i n s t ead  of incoherent  r a d i a t i o n  from con- 
vent i ona l  sources,  t h e  dominant scatter ing process  may be induced, 
o r  stimulated,Raman s c a t t e r i n g  (SRS). The occurrence of SRS depends 
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on t h e  presence of  a h i  i d e n t  and Raman-scattered 
photons and thus  had not".been t o  t h e  development of 
t h e  laser. S e v e r a l  important d i f f e r e n c e s  are  observed i n  t h e  normal 
and s t imula ted  Raman s p e c t r a  of any g iven  substance: 
a .  Only one o r  two molecular t r a n s i t i o n s  u s u a l l y  p a r t i c i p a t e  
i n  S 
produced by ruby laser ex ion only  t h e  Q(1) t r a n s i t i o n  
a t  4156 cm-l (sere Fig. 
F ig .  7-3 which 'shows t 
For example, i n  t h e  SRS spectrum o f  hydrogen as 
egrs,. 
toke$ SRS spectrum of 5 .  
This  can be seen  i n  
b. The e f f i c i e n c y  of t he  Raman proces r a m a t i c a l l y  i n c r e a s e s  
when t h e  t r a n s i t i o n  from normal t o  imulated s c a t t e r i n g  
occurs<(, A s  much as SO# o n t  r a d i a t i o n  may be 
rmed i n t o  Raman sh  e l e n g t h s  i n  SRS, whereas 
1 
y a s m a l l  f r a c t i o n  of a 
en by AV = I v - v ' [ ,  where 
r t r a n s i t i o n  e x c i t e d  
i!(ion c o n t a i n s  components a t  t h e  
v i s  t h e  frequency of t h e  L 
i nc iden t  laser and n = 0, 1, 2, - . Thus, t h e  emission 
l i n e  a t  44008 which is  se  
v + 2Av and is r e f e r r e d  to as t h e  ond an t i -S tokes  l i n e  
of H2 i n  SRS. 
-3  corresponds to 
L 
d.  The SRS r a d i a t i o n  is  h ighly  d i r e c t i o n a l ,  many components 
having e s s e n t i a l l y  t h e  same angular  divergence as t h a t  of 
t h e  i n i t i a l  laser r a d i a t i o n .  This i s  a consequence o f  t h e  
fac t  t h a t  SRS involves t h e  induced emission of r a d i a t i o n  
by molecules.  
4 
The s h i f t s ,  Av, most commonly produced i n  SRS correspond to  molecular 
v i b r a t i o n a l  f requencies  and so t h e i r  magnitudes vary, depending on 
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the chemical subs tances  t h a t  are used as t h e  s c a t t e r i n g  medium. 
F a i r l y  complete l i s t s  of materials which can  be used i n  SRS,  and t h e  
s h i f t s  t h a t  t hey  produce, have been r e c e n t l y  publ i shed .  176 Thus, 
a cho ice  from over 100 materials can be made t o  f i n d  one which is 
capable  of providing Raman laser r a d i a t i o n  a t  any wavelength d e s i r e d  
f o r  a p a r t i c u l a r  a p p l i c a t i o n .  
t h e  most u s e f u l  Raman laser w i l l  be one which e m i t s  wavelengths 
From t h e  poin t  of view o f  ozone probes, 
which l i e  both w i t h i n  and o u t s i d e  of the  abso rp t ion  bands of ozone. 
This wavelength requirement a l s o  h e l p s  t o  i d e n t i f y  t h e  type  of laser 
r a d i a t i o n  t h a t  should be used as t h e  e x c i t a t i o n  source  f o r  t h e  SRS 
wavelengths, as w i l l  be d iscussed  i n  t h e  following subsec t ion .  
7 . 2  EXCITATION SOURCES FOR STIMULATED RAMAN SCATTERING 
The phenomenon of SRS has  been observed t o  occur  only  when h igh-  
i n t e n s i t y ,  g i an t -pu l sed  laser r a d i a t i o n  is  used. Thus, r e l a t i v e l y  
low i n t e n s i t y ,  gas  l a s e r  r a d i a t i o n  can be excluded from cons i d e r a t  ion 
i n  any scheme involving Raman l a s e r  probes.  The e x c i t a t i o n  wave- 
lengths  which have s u c c e s s f u l l y  been used f o r  t h e  production of Raman 
laser r a d i a t i o n  are t h e  primary emission wavelengths of  t h e  ruby 
and neodymium lasers, 69431 and 10,580&, r e spec t ive ly ,  and t h e i r  
so -ca l l ed  second harmonic wavelengths, 3472h and 5290%. The latter 
two wavelengths are produced by pass ing  t h e  primary laser r a d i a t i o n  
through a c r y s t a l  which has  nonl inear  o p t i c a l  p r o p e r t i e s .  The 
second harmonic ( o r  frequency-doubled) r a d i a t i o n  which emerges 
from t h e  c r y s t a l  is  usua l ly  only  of t he  o rde r  of a few percent  
as in t ense  as t h a t  of t h e  primary laser, although wi th  i n t e r n a l  
modulation techniques it is poss ib l e  t o  g r e a t l y  enhance t h e  con- 
ve r s ion  e f f i c i e n c y .  177 I n  any case, SRS is  not as r e a d i l y  achieved 
wi th  t h e  second harmonic r a d i a t i o n  as it is wi th  t h e  primary laser 
r ad ia t ion ,  mainly because of t h e  lower i n t e n s i t y  a v a i l a b l e  a t  the 
doubled frequency. Furthermore, complicating e f f e c t s  of two-photon 
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abso rp t ion  can a l s o  i n h i b i t  SRS of laser r a d i a t i o n  when t h e  s h o r t e r  
wavelength e x c i t a t i o n  sources  are used 178 
One of t h e  s i g n i f i c a n t  f i nd ings  o f  t h e  experiments performed dur ing  
t h e  r e p o r t i n g  per iod  is  t h a t  a "pseudo-SRS" spectrum of the  second 
harmonic r a d i a t i o n  can be r e a d i l y  produced, as is  descr ibed  i n  t h e  
appendix. That is, even though t h e  mechanism which produces t h e  
spectrum is not  t r u l y  SRS, coherent  r a d i a t i o n  is produced a t  wave- 
l eng ths  t h a t  would have been produced by t h e  la t ter  mechanism. I f  
d e t a i l s  of t h e  mechanism are not  considered, it can be s a i d  t h a t  
t h e  r e l a t i v e l y  low i n t e n s i t y  and t h e  two-photon absorp t ion  process  
are f a c t o r s  which can e a s i l y  be overcome i n  the  product ion of Ranran 
laser wavelengths w i t h  t h e  second harmonic of giant -puleed  laser 
r a d i a t i o n .  This  is explained more f u l l y  i n  the Appendix. 
From a cons ide ra t ion  of t he  ozone absorp t ion  bands, it is clear 
t h a t  a ruby laser is more s u i t a b l e  than  a neodymium laser. The 
proximity of t he  Chappuis bands t o  69438 and of t h e  Hartley-Huggins 
bands to  34726j ensures  t h a t  Rainan laser r a d i a t i o n  generated by these  
two wavelengths w i l l  be  w i t h i n  t h e  ozone abso rp t ion  bands. 
7.3 CHOICE OF RAMAN SCATTERING MEDIUM 
For t h e  present  app l i ca t ion ,  gases  were considered t o  be t h e  i d e a l  
s c a t t e r i n g  media f o r  a number of reasons: 
s h i f t s  i n  SRS are produced by gases ,  e.g., H2 (4155 c m  ) and CH4 
(2915 c m  ). This  proves t o  be important i n  Raman-shifting laser 
r a d i a t i o n  from 34721 down t o  the  v i c i n i t y  of 300OA. 
e f f i c i e n c y  of conversion i n t o  Raman s h i f t e d  wavelengths is g e n e r a l l y  
g r e a t e r  when gases  are used, as compared t o  l i q u i d s  and s o l i d s .  
For example, t h e  f i r s t  Stokes l i n e  of  both methane and hydrogen is 
approximately 20% as i n t e n s e  as t h e  inc ident  laser r a d i a t i o n .  
(1) The l a r g e s t  frequency 
-1 
-1 
(2) The 
When 
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l i q u i d  samples are used, t y p i c a l  conversion e f f i c i e n c i e s  are between 
1% and 5%. 
al lows most Raman frequency components t o  emerge from the  s c a t t e r i n g  
c e l l  wi th  e s s e n t i a l l y  t h e  same angular  divergence as t h e  e x c i t a t i o n  
laser r a d i a t i o n .  When l i q u i d  samples are  used, t he  var ious  a n t i -  
Stokes components emerge from the  s c a t t e r i n g  c e l l  wi th  d i f f e r e n t  
angular  divergences,  as the  r e s u l t  of c e r t a i n  momentum-matching 
requirements i n  the  l i q u i d .  
(3)  The f a c t  t h a t  gases  are e s s e n t i a l l y  d i s p e r s i o n l e s s  
The i d e a l  Raman laser probe would appear t o  be one which produced 
s t imu la t ed  Raman f requencies  centered  about both t h e  69431 and 3 4 7 a  
laser components. The former would be used i n  conjunct ion  wi th  t h e  
v i s i b l e  Chappuis bands and the  l a t te r  with t h e  u l t r a v i o l e t  Hart ley-  
Huggins bands. The simultaneous product ion of SRS i n  gases  with 
two d i f f e r e n t  e x c i t a t i o n  wavelengths has  not been previous ly  repor ted .  
The success fu l  gene ra t ion  of Raman laser r a d i a t i o n  wi th  6943A and 
3472& as repor ted  i n  t h e  Appendix, t h e r e f o r e  r ep resen t s  a new 
s c i e n t i f i c  accomplishment. Because of the  r e s u l t s  obtained,  it can 
be s t a t e d  t h a t  i n t ense  coherent  r a d i a t i o n  can be produced a t  t h e  
wavelengths l i s t e d  i n  Table 7-1. 
Any combination of t hese  wavelengths could be used i n  the  a c t i v e  
Raman laser probe technique, as w i l l  be descr ibed  i n  more d e t a i l  
i n  subsequent r e p o r t s .  Some wavelengths l i e  w i t h i n  t h e  Chappuis 
absorp t ion  bands, o t h e r s  w i th in  the  Hartley-Huggins bands, and o t h e r s  
i n  wavelength reg ions  which a r e  f r e e  from ozone absorp t ion .  A l l  of 
t hese  wavelengths w i l l  be of va lue  i n  atmospheric ozone measurements. 
It is  a l s o  poss ib l e  t o  s imultaneously gene ra t e  two sets  of  wave- 
lengths ,  using a mixture of two gases,  and s e v e r a l  wavelengths which 
179 are intermediate  between those  produced by t h e  ind iv idua l  gases  . 
However, un less  later a n a l y s i s  proves t h i s  t o  be advantageous, on ly  
s i n g l e  component gas  s c a t t e r i n g  media w i l l  be considered f o r  use i n  
the  a c t i v e  probe technique.  
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TABLE 7-1 
RAMAN LASER WAVELENGTHS AS PRODUCED BY RUBY LASER EXCITATION 
(6943k) AND ITS SECOND HARMONIC (3472k) 
Gas Medium 
Hydrogen 
Methane 
D eu t e r i u m  
6943k SRS 
Wavelengths 
- - -  
9 7601 
5 3 9 0 i  
44001 
- - -  
87061 
5 7 741 
4940i 
- - -  
87661 
5 748k 
4904i 
34721 SRS 
Wave l eng ths  
4879i 
40571 
3033k 
2694i 
4352i 
38621 
3 1 5 2 i  
2887a 
43821 
38 7 4 i  
31441 
2874i 
7 08 7 -F ina l  102 
The procedure used and t h e  r e s u l t s  ob ta ined  i n  t h e  Raman laser 
experiments a r e  desc r ibed  i n  t h e  appendix. The r e s u l t s  have a l s o  
been analyzed i n  an a t tempt  t o  i d e n t i f y  t h e  na tu re  of  t h e  i n t e r -  
a c t i o n  which produces t h e  Raman laser f requencies .  On t h e  b a s i s  
of t h e  r e s u l t s  ob ta ined ,  t h e  a n a l y s i s  presented  i n  t h e  appendix ap- 
pea r s  t o  be  t h e  c o r r e c t  one. However, one c r i t i c a l  measurement 
which would unambigiously d i s t i n g u i s h  between t h e  two p o s s i b l e  
mechanisms, SRS o r  t h e  mechanism r e f e r r e d  t o  as pseudo-SRS i n  t h e  
Appendix, has  y e t  t o  be  performed. The experiment involves a measure- 
ment of t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  Stokes and an t i -S tokes  
components of t h e  s c a t t e r e d  r a d i a t i o n .  According t o  t h e  i n t e r -  
p r e t a t i o n  g iven  i n  t h e  appendix, which is based on an a n a l y s i s  
by Giordrnainel'q t h e  Stokes and an t i -S tokes  components should be 
of approximately equa l  i n t e n s i t y .  On the  o t h e r  hand, when t h e  l i n e s  
are produced by SRS, t h e  Stokes i n t e n s i t y  i s  an o r d e r  of magnitude 
g r e a t e r  t han  t h e  a n t  i-Stokes i n t e n s i t y .  P re l imina ry  a t tempts  t o  
measure the r e l a t i v e  i n t e n s i t i e s  proved to be u n s a t i s f a c t o r y .  S ince  
t h e  e f f i c i e n c y  o f  t h e  Raman laser probe technique depends on t h e  
i n t e n s i t i e s  of t h e  Raman-shifted components, t h e  experiments w i l l  
be repea ted .  
The a v a i l a b i l i t y  of h i g h - i n t e n s i t y ,  d i r e c t i o n a l  Raman laser r a d i a -  
t i o n  a t  wavelengths which are p e r t i n e n t  to t h e  ozone o p t i c a l  absorp- 
t ion  bands opens s e v e r a l  p o s s i b i l i t i e s  regard ing  worldwide ozone 
monitoring by o p t i c a l  means. Experimental conf igu ra t ions  i n  which 
Raman lasers could be employed inc lude  those  i n  which t h e  laser i s  
flown i n  a s a t e l l i t e  and d e t e c t o r s  placed i n  ano the r  s a t e l l i t e  o r  
a t  ground s t a t i o n s .  The a t t e n u a t i o n  of t h e  d i f f e r e n t  wavelength 
components would se rve  as a measure of t h e  ozone con ten t  between 
t h e  laser e m i t t e r  and t h e  d e t e c t o r s .  The backsca t t e r ing  of Raman 
laser r a d i a t i o n  by t h e  atmosphere could a l s o  be  examined by p lac ing  
d e t e c t o r s  aboard t h e  same s a t e l l i t e  as t h e  Raman laser .  However, 
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t h e  s imples t  and probably t h e  most r e l i a b l e  use o f  Raman lasers 
f o r  atmospheric ozone measuring appears  t o  be one i n  which Raman laser 
r a d i a t i o n  is t r a n s m i t t e d  from ground s t a t i o n s  t o  an o r b i t i n g  satel-  
l i t e  aboard which s e v e r a l  pho tomul t ip l i e r  tube  d e t e c t o r s  are placed. 
F igure  7-4 i l l u s t r a t e s  t he  geometry involved. 
Ca lcu la t ions  designed t o  show t h a t  the Raman i n t e n s i t i e s  are r e a d i l y  
d e t e c t a b l e  are presented  i n  t h e  following subsection, where t h e  
s p e c i f i c  examples of 3472A and 3034A a r e  used. 
i n t e n s i t i e s  of t h e  emi t ted  r a d i a t i o n  were used which are t y p i c a l  
of t hose  measured i n  t h e  experiments descr ibed  i n  the appendix. 
I n  subsequent r e p o r t s  t h e  limits of accuracy of t h i s  proposed tech-  
nique w i l l  be e s t a b l i s h e d  and a survey of r e c e n t  developments i n  
Raman laser technology w i l l  be g iven  t o  show t h a t  t h e  i n t e n s i t i e s  
can be cons iderably  enhanced. 
For t h e s e  c a l c u l a t i o n s ,  
7.4 ACTIVE PROBE SIGNAL INTENSITY 
This subsec t ion  d e s c r i b e s  t h e  c a l c u l a t i o n  of t h e  number of s i g n a l  
photons rece ived  when an a c t u a l  system employing a Raman-shifted 
frequency-doubled ground-based l a s e r  is used as descr ibed  i n  t h e  
preceding subsec t ion .  The geometry a s soc ia t ed  wi th  such a system 
is shown i n  F ig .  7-4. The area A subtended by t h e  laser beam of 
divergence and a t  a s l a n t  range R is g iven  as 
2 CXR ?J A = - - -  
4 
A s  a r e s u l t ,  t h e  inc iden t  s i g n a l  power PI on a d e t e c t o r  of area a 
i n  a system employing a laser of power P is g iven  as R 
p 4at R 
a R  
- - 2 
(7-1) 
(7-2 1 
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Figure 7-4. Geometry of Ground-Based Laser with Orbiting Detector 
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where t is t h e  atmospheric t ransmiss ion  a t  t h e  wavelength of t h e  laser 
r a d i a t i o n ,  and a is  t h e  d e t e c t o r  ape r tu re .  
F igure  7-5 shows s l a n t  ranges as a func t ion  of z e n i t h  ang le  for a 
lOOOkm o r b i t .  
laser wavelengths of i n t e r e s t  were determined by cons ider ing  clear 
a i r  atmospheric s c a t t e r i n g  and ozone abso rp t ion  as a func t ion  of 
z e n i t h  angle .  
The atmospheric t ransmiss ion  f o r  l i g h t  a t  s e v e r a l  
The a c t u a l  de t ec t ed  s i g n a l  power PD is  given by 
PD = PI Eq (7-3) 
where E is t h e  o p t i c a l  e f f i c i e n c y  of  t he  d e t e c t o r  system and q is 
t h e  quantum e f f i c i e n c y  of t h e  phosphor. 
Ca lcu la t ions  were performed t o  determine t h e  number of de t ec t ed  
photons f o r  a system i n  which 
2 a = 6 i n .  
E - 0.9 
q = 0.12 at  347s 
= 0.5  megawatt a t  347281 
pR 
The r e s u l t s  of t h i s  c a l c u l a t i o n  are shown i n  Table 7-2. 
Simi la r  c a l c u l a t i o n s  were performed f o r  a system r a d i a t i n g  a t  
30341 and using v e r t i c a l  ozone con ten t s  which d i f f e r e d  by a f a c t o r  
of t h r e e .  The r e s u l t s  of t h e  c a l c u l a t i o n s  a r e  summarized i n  Fig. 7-6. 
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Figure 7 -5 .  Slant Range versus Zenith Angle for 1000 km Orbit 
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TABLE 7-2 
SIGNAL INTENSITY FOR VARYING ZENITH ANGLE 
0 f Zenith Anple 
O0 
' loo 
20 O 
30° 
40" 
50° 
6 0. 
70° 
80° 
goo 
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Raw e 
6 1x10 m 
1 . 0 4 ~ 1 0  m 
1 . 1 0 ~ 1 0  m 
1 . 1 8 ~ 1 0  m 
1 . 3 0 ~ 1 0  m 
1 . 4 6 ~ 1 0  m 
1 . 7 4 ~ 1 0  m 
2 . 1 4 ~ 1 0  m 
2 . 8 0 ~ 1 0  m 
6 
6 
6 
6 
6 
6 
6 
6 
-- 
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Signal Photoelectrons/ 
Pulse A t  34728 
9 
9 
9 
2 . 2 4 ~ 1 0  
2 . 0 7 ~ 1 0  
1 . 8 6 ~ 1 0  
1 .uX1o9 
9 1 . 0 6 ~ 1 0  
0 . 7 4 ~ 1 0 ~  
9 0 . 4 5 ~ 1 0  
9 0 . 2 5 ~ 1 0  
9 0 . 0 3 ~ 1 0  
-- 
0 IO" 2V 30" 400 SO' 60. 70' 80' 90' 
ZENITH ANGlE 
Figure 7-6.  Received Signal versus Zenith A n g l e  
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The c a l c u l a t i o n s  were performed f o r  t h e  purpose of demonstrat ing 
t h e  d e t e c t a b i l i t y  of t h e  Raman laser r a d i a t i o n  as t r ansmi t t ed  t o  
a sa te l l i t e  through va r ious  atmospheric s l a n t  pa ths .  The r e s u l t s  
show t h a t  t h e  rece ived  s i g n a l  is w e l l  above t h e  noise  l e v e l  of t h e  
d e t e c t o r  system, inc luding  background r a d i a t i o n .  S imi l a r  c a l c u l a t i o n s  
f o r  t h e  o t h e r  wavelengths shown i n  Table 7-1 w i l l  be  performed dur-  
ing t h e  next  yea r ,  and t h e  limits of t h e  accuracy w i t h  which t h e  
atmospheric ozone can be measured w i l l  be e s t a b l i s h e d .  
present ,  it should be pointed ou t  t h a t  t h e  technxiue under evalua-  
tion would be e s p e c i a l l y  va luable  f o r  determining v a r i a t i o n s  i n  t h e  
h o r i z o n t a l  d i s t r i b u t i o n  of  ozone. If used i n  conjunct ion  w i t h  a 
For t h e  
technique which measures the  v e r t i c a l  d i s t r i b u t i o n  wi th  h igh  ac- 
curacy, t h e  d i s t r i b u t i o n  of atmospheric ozone over  l a r g e  geographi-  
c a l  areas could be w e l l  mapped from a s i n g l e  sa te l l i t e .  
708 7 -F ina l  110 
SECTION 8 
CONCLUS IONS 
The work performed dur ing  t h e  period covered by t h i s  i n t e r i m  r e p o r t  
cons i s t ed  i n  l a r g e  p a r t  of a compilation and examination o f  t h e  v a s t  
amount of l i t e r a t u r e  t h a t  has  been published on t h e  spectroscopy o f  
ozone, t h e  measurement of its atmospheric concen t r a t ions  by o p t i c a l .  
means, i t s  r o l e  i n  atmospheric dynamics, and i t s  p o t e n t i a l  use  as 
a tracer f o r  atmospheric winds. Guided by t h e  information de r ived  
from t h i s  l i t e r a t u r e ,  two ozone measuring techniques have been 
s e l e c t e d  as t h e  most promising, from among t h e  va r ious  o p t i c a l  
techniques,  f o r  u s e  i n  conjunct ion  wi th  an o r b i t i n g  sa te l l i t e .  
These are: (1) the pass ive  technique which u t i l i z e s  s o l a r  r ad ia t ion ,  
as desc r ibed  i n  S e c t i o n  6, and ( 2 )  t he  a c t i v e  probe method u t i l i z i n g  
Raman l a s e r  r a d i a t i o n ,  as descr ibed  i n  S e c t i o n  7 .  The former 
o f f e r s  g r e a t  advantages i n  terms of determining v e r t i c a l  ozone 
d i s t r i b u t i o n s  on a worldwide b a s i s  and t h e  l a t te r  technique appears 
t o  be e s p e c i a l l y  promising f o r  measuring t h e  t o t a l  ozone c o n t e n t .  
The ana lyses  performed, some of which were based on l abo ra to ry  
measurements, confirmed the  p r a c t i c a l i t y  and r e l i a b i l i t y  of t h e  
s e l e c t e d  methods. 
On t he  b a s i s  of w e l l  developed t h e o r i e s ,  which s u f f e r  on ly  from a 
l ack  of suppor t ing  obse rva t iona l  d a t a  f o r  p r a c t i c a l  implementation, 
t h e  monitoring of ozone d i s t r i b u t i o n s  promises t o  be a unique and 
inva luable  means of de f in ing  and p r e d i c t i n g  atmospheric c i r c u l a t i o n s  
and o t h e r  meteoro logica l  behavior.  
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The approach most l i k e l y  t o  y i e l d  s i g n i f i c a n t  information on t h e  
motion of ozone on a g l o b a l  scale is t o  map t h e  v e r t i c a l  ozone 
d i s t r i b u t i o n ,  o r  ozone p r o f i l e ,  a t  numerous geographica l  l o c a t i o n s  
and t o  cont inuously monitor t h i s  information as t h e  sa te l l i t e  o r b i t s  
around t h e  e a r t h .  
I 
8.1 ADVANTAGES OFFERED BY OPTICAL MEASURING TECHNIQUES 
During t h e  course  of program e f f o r t ,  and as d e t a i l e d  i n  t h f s  r epor t ,  
a number of d i s t i n c t  advantages of using r a d i a t i o n  i n  the  o p t i c a l  
regime f o r  ozone atmospheric measurements became apparent .  These 
a r e  l i s t e d  i n  t h e  fol lowing subsec t ions .  
8.1.1 ACCURACY OF OZONE ABSORPTION COEFFICIENTS 
Ozone molecule e x h i b i t s  broad absorp t ion  bands i n  t h e  in f r a red ,  
v i s i b l e  and near W, whose c o e f f i c i e n t s  have been c a r e f u l l y  measured 
by many workers.  The measurements have been independently repeated,  
compared and r e f i n e d .  They have been c r i t i c a l l y  eva lua ted  i n  con- 
nec t ion  with meteorological  a p p l i c a t i o n s .  There exists a gene ra l  
agreement as t o  t h e  most r e l i a b l e  se t  of values ,  and the  c o e f f i c i e n t s  
are now considered t o  be known t o  a high degree of p rec i s ion .  
8.1.2 RANGE OF VALUES OF OPTICAL ABSORPTION COEPFICIENTs 
Large d i f f e rences  e x i s t  i n  t he  absolu te  magnitudes of  ozone c r o s s -  
s e c t i o n s  a t  v i s i b l e  and W wavelengths (0 - loe2' cm2 a t  48001, 
(5 - 10 cm a t  26001.) This  means, i n  e f f e c t ,  t h a t  v a r i a t i o n s  
of over four  o rde r s  of magnitude i n  t h e  t o t a l  ozone content  i n  an 
o p t i c a l  path can be measured by absorp t ion  measurements. 
range a l s o  insures  t h a t :  
- 1 7  2 
This  
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a. Ozone concen t r a t ions  a t  a l t i t u d e s  as h igh  as 75-80 km can 
be measured from a sa t e l l i t e  by using t h e  l a r g e r  c r o s s -  
sect ion  va lues .  
b. S o l a r  r a d i a t i o n  which t r a v e r s e s  t h e  l a y e r  o f  maximum ozone 
concen t r a t ion  w i l l  emerge wi th  an a t t e n u a t i o n  t h a t  can 
a c c u r a t e l y  be  measured by us ing  t h e  smaller c r o s s - s e c t i o n  
va lues .  
8 . 1 . 3  METEOROLOGICAL APPLICATION OF OZONE ABSORPTION SPECTROSCOPY 
O p t i c a l  techniques have been used t o  measure atmospheric ozone con- 
t e n t  f o r  over 45 years .  A l l  o f  t h e  information w e  now possess 
concerning atmospheric ozone w a s  f i r s t  obtained by o p t i c a l  means 
( t o t a l  ozone conten t ,  i t s  v e r t i c a l  d i s t r i b u t i o n ,  v a r i a t i o n s  i n  
t h e s e  l a t t e r  two q u a n t i t i e s ,  and, i n  f a c t ,  t h e  very  e x i s t e n c e  and 
t h e  approximate h e i g h t  of t h e  ozone l a y e r  were f i r s t  determined 
through o p t i c a l  spec t roscop ic  measurements .) 
spectroscopy and measurements of i t s  atmospheric conten t  are, i n  
f a c t ,  i n sepa rab le  e The physics and o p t i c a l  p r i n c i p l e s  involved i n  
o p t i c a l  ozone measurements have been w e l l  developed and analyzed, 
c o r r e c t i o n s  have been introduced, and t h e  p r i n c i p l e s  are thus  w e l l  
understood. Measurements from a s a t e l l i t e  would not involve any 
r a d i c a l  o r  r evo lu t iona ry  concepts, but r a t h e r  an  adap ta t ion  o r  modif ica- 
t i o n  of some we l l - e s t ab l i shed  technique. S a t e l l i t e  measurements 
do, however, o f f e r  t h e  promise of g r e a t e r  accuracy and p r e c i s i o n  i n  
ozone measurements by o p t i c a l  methods, as w e l l  as g l o b a l  coverage 
on a continuous bas is. 
The h i s t o r y  of ozone 
8 . 1 . 4  SOLAR RADIATION AS A SOURCE FOR ABSORPTION MEASUREMENTS 
The s o l a r  emission spectrum possesses a broad maximum i n  t h e  v i s i b l e  
and near UV and I R  s p e c t r a l  reg ion  and thus c o n s t i t u t e s  a ve ry  
s t rong  source  of r a d i a t i o n  which can be used i n  atmospheric ozone 
abso rp t ion  measurements. The s o l a r  r a d i a t i o n  is so i n t e n s e  t h a t  
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narrow wavelength i n t e r v a l s  can  be taken, h igh  s p a t i a l  r e s o l u t i o n  
o p t i c s  can  be incorpora ted  i n t o  t h e  o p t i c a l  system, and y e t  very  
l a r g e  s igna l - to-noise  r a t i o s  w i l l  be obta ined  by pho tomul t ip l i e r  
tube  d e t e c t o r s .  
8 . 1 . 5  LASERS AS SOURCES FOR ABSORPTION MEASUREMENTS 
Since d i s c r e t e  wavelengths of  r a d i a t i o n  are g e n e r a l l y  used t o  measure 
atmospheric ozone (even when the  sun is  used as a source)  r e c e n t l y  
developed sources  of in tense ,  col l imated,  monochromatic r a d i a t i o n  
(Raman lasers) can be employed as sources  f o r  absorp t ion  measure- 
ments. S i g n i f i c a n t  progress  has  r e c e n t l y  been made a t  EOS i n  t h e  
understanding of  t h e  physics  involved i n  t h e  product ion of  v i s i b l e  
and near W Raman l a s e r  r a d i a t i o n .  (See Appendix and r e fe rences  
c i t e d  t h e r e i n . )  The a v a i l a b i l i t y  of i n t ense  r a d i a t i o n  a t  d e s i r e d  
wavelengths f o r  ozone de termina t ion  opens new p o s s i b i l i t i e s  wi th  
r e spec t  t o  t h e  r e l a t i v e  pos i t i on ing  of t he  emission source and t h e  
d e t e c t o r s  used f o r  measuring the  r a d i a t i o n  which is a t t enua ted  by 
t h e  atmospheric ozone. 
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SECTION 9 
BIBLIOGRAPHY AND REFERENCES 
This section contains a compilation of references to literature arti- 
cles which pertain to the topics discussed in Phase I of this report. 
The references are grouped into categories depending upon whether the 
main emphasis is on ozone photochemistry, meteorological significance, 
spectroscopy, etc. However, the classification of the articles under ' 
one heading is somewhat arbitrary, since most of the articles deal with 
more than one of the above topics. It is t o  be noted that not all 
literature references appearing in this bibliography have been cited 
in the text of this report. For convenience, references which have 
been cited are collected in Subsection 9 . 6 ,  "Cited References." 
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APPENDIX 
The phenomenon of s t imu la t ed  Raman s c a t t e r i n g  (SRS) can p o t e n t i a l l y  
be used t o  g r e a t  advantage i n  molecular spec t roscopy inves t iga -  
t i o n s ,  since it r e su l t s  i n  t h e  production of pulsed, i n t ense ,  co- 
he ren t ,  co l l imated ,  and monochromatic r a d i a t i o n .  I n  most ins tances ,  
SRS has  been produced by using e i t h e r  6943A ruby laser o r  1.058~ 
neodymium laser r a d i a t i o n .  On t h e  o t h e r  hand, t h e  so -ca l l ed  second 
harmonic r a d i a t i o n  of t h e s e  laser sources ,  a t  3 4 7 d  and 52901, 
r e s p e c t i v e l y ,  would provide a more u s e f u l  se t  of  d i s c r e t e  SRS wave- 
lengths ,  i . e . ,  " l a s e r - l i k e "  r a d i a t i o n  i n  t h e  u l t r a v i o l e t  s p e c t r a l  
r eg ion  where t h e  e l e c t r o n i c  abso rp t ion  bands of a g r e a t  number o f  
molecules are loca ted .  However, few experiments o f  SRS involv ing  
t h e  second-harmonic of g i an t -pu l sed  l a s e r  r a d i a t i o n  have been re- 
por ted .  One reason  f o r  t h i s  is t h a t  the  powers a v a i l a b l e  a t  the  
second harmonic wavelength a r e  an o r d e r  of magnitude o r  two lower 
than  those  of t he  primary laser r a d i a t i o n .  I n  c e r t a i n  cases, 
quenching processes ,  such a s  two-photon absorp t ion ,  may a l s o  se rve  
t o  i n h i b i t  SRS of t h e  second harmonic r a d i a t i o n .  
Th i s  appendix d e s c r i b e s  experiments which demonstrate t h a t  when 
ruby laser r a d i a t i o n  (6943i) and i ts  second harmonic (347fi) are 
simultaneously passed through an SRS a c t i v e  m a t e r i a l ,  a "pseudo- 
SRS" spectrum of the 3 4 7 d  r a d i a t i o n  can be  produced. That is, 
coherent r a d i a t i o n  is  made t o  appear a t  wavelengths i d e n t i c a l  t o  
those  which would be produced by SRS of t h e  34721 r a d i a t i o n .  
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However, power measurements i n d i c a t e  t h a t  t h e  mechanism r e s p o n s i b l e  
f o r  t h e  i n t e r a c t i o n  is  more proper ly  descr ibed  as a modulation o f  
t h e  3472A r a d i a t i o n  by molecular v i b r a t i o n s  which are c o h e r e n t l y  
d r i v e n  by t h e  6943i laser r a d i a t i o n .  
which h a s  been shown t o  account f o r  the Raman-type s c a t t e r i n g  o f  a 
1 probe l i g h t  by coherent ly  d r i v e n  l a t t i c e  v i b r a t i o n s  . I n  t h e  pre-  
s e n t  case, t h e  e f f e c t  w a s  used t o  produce second harmonic pseudo- 
SRS s p e c t r a  of hydrogen and methane gases  and of a number of l i q u i d  
substances.  
The effect  is similar t o  t h a t  
The experimental  arrangement is  as shown i n  Fig.  A - 1 .  The ruby 
l a s e r  w a s  Q-switched by means of a r o t a t i n g  prism and produced be- 
tween 40 and 90 megawatts of 69431 r a d i a t i o n  during a 34-nanosecond 
pu l se .  
r a d i a t i o n  through a 2.5 cm KDP c r y s t a l  whose z -ax is  w a s  o r i e n t e d  
so as t o  a l low t h e  product ion of 347211 through a nonl inear  p o l a r i z a -  
t ion, phase-match ing mechanism . The power and energy measuring 
devices  shown i n  t h e  f i g u r e  were used t o  monitor t h e  i n t e n s i t i e s  o f  
t h e  694313 and 3472A r a d i a t i o n  components i nc iden t  on t h e  s c a t t e r i n g  
medium. A v a r i e t y  o f  f i l t e r s  were used t o  d i f f e r e n t i a l l y  a t t e n u a t e  
t h e  two r a d i a t i o n  components before  they en tered  t h e  s c a t t e r i n g  
medium i n  order  t o  determine t h e  i n t e n s i t y  combinat ions which 
produced second harmonic SRS s p e c t r a .  The occurrence o r  nonoccur- 
rence of SRS was determined spec t rographica l ly ,  by means of an 
f/6.3, 0.75m Jar re l l -Ash  spectrograph.  The d i s c u s s i o n  below w i l l  
d e a l  on ly  with t h e  r e s u l t s  obtained f o r  t h e  s p e c i f i c  example of 
hydrogen gas .  
The 3 4 7 f i  r a d i a t i o n  w a s  produced by passing the ruby laser 
c 
2 
The threshold  power f o r  SRS of laser r a d i a t i o n  by hydrogen gas  is  
determined by such f a c t o r s  as gas  pressure  and temperature , t h e  
e f f e c t i v e  f o c a l  volume o f  t he  l e n s  system used , and t h e  l inewidth 
3 
4 
and p o l a r i z a t i o n  of t h e  inc iden t  laser r a d i a t  ion5' '. With t h e  
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R coherent  r a d i a t i o n  can be caused t o  occur a t  v '  +_ nvR, where V 
is t h e  Raman s h i f t  c h a r a c t e r i s t i c  of  t h e  s c a t t e r i n g  material. 
T h i s  technique w a s  a l s o  used t o  produce pseudo-SRS spectra of 
methane and of carbon d i s u l f i d e ,  benzene and e t h y l  iod ide .  Ex- 
periments,  which w i l l  be descr ibed  elsewhere,  show t h a t  v '  need 
not n e c e s s a r i l y  be t h e  second harmonic of ind ident  laser r a d i a t i o n ,  
but  may a l s o  be t h e  an t i -S tokes  SRS component of  a prel iminary scat- 
t e r i n g  material, i .e . ,  when two s c a t t e r i n g  media are used i n  tandem. 7 
The mechanism re spons ib l e  f o r  t h e  e f f e c t  r e f e r r e d  t o  h e r e i n  as 
pseudo-SRS is a genera l  one and w a s  f i r s t  descr ibed  i n  terms of 
c l a s s i c a l  s c a t t e r i n g  theory  by Garmire, e t  a l ,  t o  account f o r  t h e  
product ion of m u l t i p l e  v i b r a t i o n a l  frequency s h i f t s  in SRS. Since  
then, ex tens ions  of the  theory  have been used t o  explain:  (1) t h e  
d e t e c t i o n  of l a se r - s t imu la t ed  l a t t i ce  v ib ra t ions ,  o r  o p t i c a l  phonons, 
by low- i n t e n s i t y  monochromatic probes ; 
b i n a t i o n  (sum and d i f f e r e n c e )  v i b r a t i o n a l  Raman s h i f t s  i n  t h e  SRS 
s p e c t r a  of two gases ,  which may e i t h e r  be two components i n  a gas  
3 mixture o r  d i f f e r e n t  gases  i n  s epa ra t e  c e l l s  ; and ( 3 )  t h e  pro- 
duc t ion  of a complex v i b r a t i o n a l - r o t a t i o n a l  SRS spectrum of hydro- 
gen when exc i t ed  by g ian t -pulsed  1 . 0 5 8 ~  laser r a d i a t i o n  . 
4 
(2 )  t h e  appearance o f  com- 
8 
Since  t h e  hydrogen gas  can be considered to be e s s e n t i a l l y  d i s p e r -  
s i o n l e s s ,  a s i m p l i f i e d  form of t h e  theory,  which neg lec t s  momentum- 
matching requirements ,  can be used i n  the  present  ca se .  -The f r e -  
quencies emit ted by t h e  hydrogen gas can then be deduced by analyzing 
t h e  time-dependence of the  o s c i l l a t i n g  e l e c t r i c  d ipo le  moment as- 
soc ia t ed  wi th  coherent ly  dr iven  molecular v i b r a t i o n s .  This  d i p o l e  
moment, P, is  g iven  by 
+ 
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hydrogen gas  a t  40 atmospheres and a t  room temperature,  and wi th  
t h e  experimental  arrangement shown i n  F ig .  A - 1 ,  t he  th re sho ld  
power f o r  SRS of 6943A w a s  determined t o  be 30 MW f 3 MW. This  
th re sho ld  va lue  w a s  ob ta ined  whether o r  not t h e  3472A r a d i a t i o n  
w a s  s imultaneously passed through t h e  hydrogen sample. The o n s e t  
of 6943A SRS w a s  determined by the  appearance of s p e c t r a l  l i n e s  
a t  the  f requencies  vL f nv 
14,400 c m  -1 , v H  = 4155 cm'fand n = 0, 1, 2, * - * . The maxi- 
mum i n t e n s i t y  o$ 3472A produced by the  KDP c r y s t a l  w a s  1 megawatt. 
It w a s  not found poss ib l e  t o  e x c i t e  an  SRS spectrum with t h i s  second 
harmonic r a d i a t i o n ,  as long as the  i n t e n s i t y  of 6943A r a d i a t i o n  
s imultaneously inc iden t  on the hydrogen sample w a s  kept  lower than 
30 MW by d i f f e r e n t i a l  f i l t e r i n g .  That is, t h e  powers a v a i l a b l e  a t  
t h e  second harmonic wavelength were c l e a r l y  below t h e  th re sho ld  
power requi red  f o r  t he  product ion of SRS. (The actual: th reshold  
f o r  347d SRS was not determined, due t o  the  l imi ted  second harmonic 
g e a e r a t i o a  e f f i c i e n c y  a t t a i n e d  in the  experiments descr ibed  he re  .) 
where vL i s  t h e  l a s e r  frequency, 
However, even though t h e  347A i n t e n s i t y  w a s  below the  SRS th reshold ,  
t h e  second harmoaic SRS f requencies ,  2v f nvH , appeared i n  t h e  
spectrum whenever t h e  inc ident  6943A r a d i a t i o n s  w a s  s u f f i c i e n t l y  
in t ense  t o  produce the  primary SRS f requencies ,  vL f nvH . That 
is, once the  6943w SRS th reshold  was exceeded, t h e  3472A'SRS a l so  
occurred simultaneously,  with no apparent  a d d i t i o n a l  th reshold  
requirement.  The pseudo-SRS spectrum was observed when powers 
as low as 0.2 megawatt of 3412w r a d i a t i o n  were used, providing 
t h a t  more than 30 megawatts of 69431 were s imultaneously inc ident  
on t he  sample. 
2 L 
The r e s u l t s  descr ibed above a r e  taken as evidence that i f  r e l a t i v e l y  
low i n t e n s i t y  r a d i a t i o n  of frequency v' is t r ansmi t t ed  through a 
medium i n  which SRS is exc i ted  by high i n t e n s i t y  laser r ad ia t ion ,  
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where q is t h e  ampli tude of t h e  molecular  v i b r a t i o n  which is d r i v e n  
by a f o r c e  which is p ropor t iona l  t o  t h e  square of t h e  t o t a l  e lec t r ic  
f i e ld3 j4 ,  and (as)o ga is t h e  p o l a r i z a b i l i t y  d e r i v a t i v e  wi th  r e spec t  
t o  q, which is assumed t o  be i s o t r o p i c  f o r  s i m p l i c i t y .  It has  
been shown t h a t  wi th  t h e  gas  pressures  used, in  t h e  present  expe r i -  
ments t h e  d r i v i n g  f o r c e  i s  due p r imar i ly  t o  t h e  e lec t r ic  f i e l d  
components a s s o c i a t e d  wi th  the  h i g h - i n t e n s i t y  laser r a d i a t i o n  ( 6 9 4 3 i )  
and i t s  Raman-shifted f requencies .  When t h e  t i m e  dependence of q 
and t h e  components o f  2 are e x p l i c i t l y  in se r t ed  i n t o  Eq. 1, it is 
r e a d i l y  seen t h a t  i f  t h e r e  is  a component of t h e  f i e l d  corresponding 
t o  t h e  frequency V I ,  t h e  f requencies  v '  2 nvR w i l l  be emi t ted  by 
the  o s c i l l a t i n g  d ipo le ,  provided t h a t  t h e  f requencies  v are exc i t ed  
i n  SRS by the  ruby laser.  
3 
R 
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SECTION 1 
INTRODUCTION 
The p resen t  r e p o r t  r ep resen t s  a summary of a two-year s tudy  and research  
e f f o r t ,  the  goa l  of which w a s  t o  eva lua te  o p t i c a l  methods of monitor ing 
the  atmospheric ozone conten t  on a continuous b a s i s  and on a worldwide 
scale from a n  o r b i t i n g  s a t e l l i t e .  The ozone monitor ing methods were t o  
be eva lua ted  on the  b a s i s  of t h e i r  a b i l i t y  t o  provide information rela- 
t ive t o  the  t r a c i n g  of l a r g e  s c a l e  atmospheric a i r  m a s s  motions,  such 
as from the  equator  t o  the  poles .  The f i r s t  i n t e r im  r e p o r t  d e a l t  with:  
(a) a compilat ion of r e fe rences  t o  numerous l i t e r a t u r e  a r t i c l e s  dea l ing  
wi th  the  complex i n t e r r e l a t i o n s h i p s  between atmospheric ozone conten t  
and d i s t r i b u t i o n ,  on the  one hand, and the  temperature and wind f i e l d s  
of the upper atmosphere, on the o the r .  The unanimous opinion s t a t e d  i n  
these  a r t i c l e s  was t h a t  continuous observa t iona l  d a t a  on the worldwide 
ozone d i s t r i b u t i o n s  could lead t o  an a n a l y t i c a l  d e s c r i p t i o n  of these 
r e l a t i o n s h i p s .  Fur ther  monitor ing of these  d i s t r i b u t i o n s  could then be 
of prognos t ic  va lue  as f a r  as g loba l  c i r c u l a t i o n  p a t t e r n s  are concerned; 
(b) a survey of the a v a i l a b l e  l i t e r a t u r e  concerning the spectral  absorp- 
t i o n  p rope r t i e s  of ozone i n  the i n f r a r e d ,  v i s i b l e  and u l t r a v i o l e t  
regions.  The conclus ion  a r r i v e d  a t  i n  t h i s  survey w a s  t h a t  the  o p t i c a l  
absorp t ion  c o e f f i c i e n t s  of ozone, having been measured by dozens of i n -  
v e s t i g a t o r s ,  are known t o  a high degree of p rec i s ion  and can be used 
wi th  confidence i n  q u a n t i t i v e  absorp t ion  de termina t ions  of ozone con- 
t e n t ;  (c) r e p o r t s  of experiments with Q-switched lasers which r e s u l t e d  
i n  the  product ion of s t imu la t ed  Raman emission a t  var ious  wavelengths 
i n  the v i s i b l e ,  u l t r a v i o l e t  and near i n f r a red .  The purpose of these  
experiments w a s  t o  demonstrate t h a t  i n t ense  Raaan laser r a d i a t i o n  could 
be generated a t  wavelengths corresponding t o  ozone absorp t ion  bands, and 
could thus be incorpora ted  i n t o  remote ozone probing schemes; (d) an 
ozone monitor ing scheme u t i l i z i n g  s o l a r  r a d i a t i o n  which appears  t o  be 
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i d e a l  f o r  measuring h igh - re so lu t ion  ver t ical  p r o f i l e s  of atmospheric 
ozone from satel l i tes .  The technique,  known as the  o c c u l t a t i o n  method, 
depends on measuring the  i n t e n s i t y  of s o l a r  r a d i a t i o n  as i t  passes  
through the  e a r t h ' s  atmosphere on a near  t a n g e n t i a l  path.  
and phys ica l  p r i n c i p l e s  of the technique were descr ibed  i n  d e t a i l  with-  
ou t  r e fe rence ,  however, t o  a s p e c i f i c  sa te l l i t e  as a v e h i c l e  f o r  the  
measurement. No a t tempt  w a s  made i n  the  f i r s t  i n t e r i m  r e p o r t  t o  de- 
s c r i b e  an  instrument  des ign  o r  t o  demonstrate t he  f e a s i b i l i t y  of t he  
technique from an  engineer ing  s tandpoin t .  
The o p t i c a l  
The p resen t  r e p o r t  dea l s  i n  l a r g e  p a r t  wi th  a d e s c r i p t i o n  of the  occul-  
t a t i o n  measurement, as i t  would be performed on a sun-synchronous, p o l a r  
o r b i t i n g  s a t e l l i t e .  This p a r t i c u l a r  type of s a t e l l i t e  w a s  chosen as a 
v e h i c l e  f o r  the  experiment s ince :  (a) an  a n a l y s i s  showed t h a t  the o r -  
b i t a l  parameters of t h i s  type of s a t e l l i t e ,  of which the  Nimbus meteoro- 
l o g i c a l  s a t e l l i t e  is  a s p e c i f i c  example, are i d e a l  f o r  continuous moni- 
t o r i n g  of t he  v e r t i c a l  ozone d i s t r i b u t i o n s  a t  h igh  l a t i t u d e s ;  and (b) 
c o n s u l t a t i o n  wi th  UCLA meteorologis ts* d i sc losed  t h a t  the ozone d a t a  
obta ined  from the  h i g h - l a t i t u d e  coverage provided by Nimbus sa te l l i t es  
r e p r e s e n t s  the  type of information t h a t  is needed t o  unrave l  the  r o l e  
t h a t  ozone plays i n  the  l a rge  s c a l e  polar  atmospheric c i r c u l a t i o n  
p a t t e r n s .  Deta i led  ana lyses  were performed which t r e a t e d  the  i n t e r -  
r e l a t i o n s h i p s  among the  o p t i c a l ,  mechanical,  d e t e c t o r ,  and e l e c t r o n i c  
components of the  ins t rument ,  as w e l l  as the  i n s t r u m e n t / s a t e l l i t e  i n t e r -  
face  a spec t s .  The r e s u l t s  of the design s tudy demonstrated the  f e a s i -  
b i l i t y  and p r a c t i c a l i t y  of a Nimbus ozone measuring instrument .  
posa l  w a s  accordingly submitted t o  the  Nat ional  Aeronautics and Space  
A pro- 
*The au thor  of t h i s  r e p o r t  g r a t e f u l l y  acknowledges numerous h e l p f u l  d i s -  
cussions dur ing  the program e f f o r t  wi th  D r .  c. E.  Palmer of the I n s t i t u t e  
of Geophysics and Plane tary  Phys ics ,  UCLA, and D r .  S. V .  Venkateswaran 
of the  Department of Meteorology, UCLA. 
pearing i n  Sec t ion  3 of t h i s  r e p o r t  were k indly  con t r ibu ted  by Professors  
Palmer and Venkateswaran. 
Seve ra l  of the d iscuss ions  ap- 
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Adminis t ra t ion  f o r  t he  i n c l u s i o n  of the  o c c u l t a t i o n  measurement as p a r t  
of t he  f l i g h t  package on the  Nimbus E and F satel l i tes  scheduled t o  be 
launched i n  the  e a r l y  1970's. 
Since a n  o c c u l t a t i o n  measurement from a s a t e l l i t e  of t he  Nimbus type 
w a s  i d e n t i f i e d  as the  most promising and u s e f u l  method f o r  upper atmos- 
phe r i c  ozone measurements, a major emphasis was placed on ana lyz ing  
and developing the  d e t a i l s  of t h i s  technique dur ing  the  c o n t r a c t  e f f o r t .  
Probing concepts u t i l i z i n g  laser r a d i a t i o n ,  which were d iscussed  i n  the 
f i r s t  In te r im Report ,  were t h e r e f o r e  i n v e s t i g a t e d  a t  a reduced l e v e l  of  
e f f o r t  dur ing  the  second year  of the  c o n t r a c t .  A ground-based laser 
probe concept ,  which appears  t o  o f f e r  promise as a means of measuring 
ozone i n  the  lower atmosphere, is d iscussed  i n  Sec t ion  2. 
I n  a d d i t i o n  t o  the r e s u l t s  r epor t ed  h e r e ,  cons iderable  e f f o r t  has  been 
devoted t o  the  p repa ra t ion  of th ree  pub l i ca t ions  which, i n  l a rge  p a r t ,  
summarize the r e s u l t s  and conclusions of t h i s  program. These publ ica-  
t i o n s  are: 
a. "Some New Aspects i n  S t imula ted  Raman S c a t t e r i n g  from Hydrogen 
Gas," by J. Duardo, F .  M. Johnson, and L .  J. Nugent, IEEE, J .  
Quant. E l e c t r o n i c s  , June 1968. 
b. "The Use of Nimbus S a t e l l i t e s  f o r  Measurements of Atmospheric 
Ozone over Po la r  Areas," by J. Duardo, R. E. H i l l ,  C .  E .  Palmer, 
and S .  V .  Venkateswaran, presented a t  the  14th Annual Meeting 
of t he  AAS, Dedham, Mass., 14 May 1968. 
Sensing by Laser Radar' by R. M. Schotland," by J .  Duardo. 
C r i t i q u e  de l ive red  a t  the  Nat ional  Academy of  Sciences - Com- 
m i t t e e  of Atmospheric Sciences Remote Atmospheric Probing Panel ,  
Chicago, 18 A p r i l  1968, and w i l l  be publ ished i n  the panel  
proceedings.  
c.  "Cri t ique of Paper e n t i t l e d  'Some Aspects of Remote Atmospheric 
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SECTION 2 
ATMOSPHERIC OZONE MEASUREMENTS USING LASERS 
Seve ra l  conceptual  methods of measuring atmospheric ozone con ten t  through 
the  use of lasers were examined. These included conf igu ra t ions  i n  which 
a l a s e r  t r a n s m i t t e r  and a d e t e c t o r  w e r e  sa te l l i t e -mounted ,  e i t h e r  i n  the  
same s a t e l l i t e  o r  i n  sepa ra t e  s a t e l l i t e s .  Also considered were conf igura-  
t i ons  involv ing  a ground-based laser t r a n s m i t t e r  and a s a t e l l i t e - b a s e d  
d e t e c t o r ,  and v ice-versa .  Cons idera t ion  i n  each case w a s  given t o  the 
wavelength reg ion  i n  which the system would opera te .  The wavelength con- 
s i d e r a  t ions inc  luded a tmos pher i c  t ransmis s ion ,  ozone absorp t ion  proper - 
t i e s ,  and the a v a i l a b i l i t y  of l a s e r  r a d i a t i o n  a t  the  wavelengths i n  ques- 
t i o n .  These f a c t o r s  i n  t u r n  determined the p r a c t i c a l i t y  of the  var ious  
methods , 
I n  eva lua t ing  l a s e r  techniques primary emphasis w a s  placed on (a) the 
f e a s i b i l i t y  of the method and (b) i t s  va lue ,  from a meteoro logica l  po in t  
of view. I n  connection wi th  t h i s  l a t te r  po in t ,  t he  au thor  w a s  p r i v i -  
leged t o  a t t e n d  a s p e c i a l l y  convoked panel of t he  Nat ional  Academy of 
Sciences i n  Chicago during the  week of  A p r i l  15-19, 1968. The purpose 
of the NAS-Committee of Atmospheric Sciences panel  w a s  t o  perform a re- 
view of e x i s t i n g  and proposed techniques of remote atmospheric probing 
and t o  recommend a reas  of r e l a t e d  research  which should be supported on 
a n a t i o n a l  l e v e l .  The author  f e e l s  t h a t  the  panel  d i scuss ions  helped 
def ine  meteorological  problem a reas  and provided a va luable  i n s i g h t  
i n t o  the  types of remote measurements t h a t  would b e s t  s e rve  the present  
needs of the  meteorological  community. The panel  d i scuss ions  confirmed 
a previous ly  he ld  opinion t h a t  ground-based measurements r ep resen t  the 
most r ea l i s t i c  a p p l i c a t i o n  f o r  lasers i n  atmospheric probing i n  the near  
f u t u r e .  The information obtained would p e r t a i n  t o  the  lower atmosphere, 
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where s a t e l l i t e  measurements, i n  gene ra l ,  do n o t  y i e l d  r e l i a b l e  d a t a ,  
and would be of p a r t i c u l a r  va lue  i n  the  a n a l y s i s  of urban a i r  p o l l u t i o n  
problems. 
would y i e l d  u s e f u l  d a t a  on the  upper atmosphere, i t  i s  f e l t  t h a t  these  
cannot be implemented u n t i l  ground-based ve r s ions  have been developed 
and the  r equ i r ed  ins t rumenta t ion  per fec ted .  Furthermore,  i t  does not  
appear a t  present  t h a t  s a t e l l i t e - b a s e d  laser techniques would o f f e r  any 
advantages over techniques u t i l i z i n g  s o l a r  r a d i a t i o n  which are c u r r e n t l y  
under development o r  have been proposed. 
While s a t e l l i t e - b a s e d  laser techniques can be conceived which 
I n  the  fol lowing s e c t i o n  a concept f o r  monitor ing the  ozone conten t  of 
t he  lower atmosphere wi th  lasers is  descr ibed.  The technique has  no t  
been analyzed i n  d e t a i l  and i s  presented here  only i n  o u t l i n e  form wi th  
the  recommendation t h a t  the  performance c a p a b i l i t i e s  of the  technique 
be f u r t h e r  i nves t iga t ed .  
2 . 1  ATMOSPHERIC OZONE MEASUREMENTS BY DIFFERENTIAL ABSORPTION OF 
BACKSCATTEmD LASER RADIATION 
The underlying p r i n c i p a l  f o r  the  concept d i scussed  below is t h a t  ozone 
i n  a given atmospheric path can be measured by two-wavelength spec t ro-  
scopy. That i s ,  i f  the  t ransmiss ion  through the  atmosphere can  simul- 
taneously be measured a t  two wavelengths, one w i t h i n  an  ozone absorp t ion  
band and the o t h e r  ou t s ide  of the  band, a measure of the  ozone conten t  
can be obtained from the  r e l a t i v e  a t t e n u a t i o n  a t  the  two wavelengths. 
This i s  t r u e  only i f  the  wavelength dependence of atmospheric a t t e n u a t i n g  
mechanisms o the r  than  ozone abso rp t ion  is  known o r  can  be measured, and 
i f  the  ozone absorp t ion  c o e f f i c i e n t s  are known. The las t  condi t ion  can  
be considered t o  be s a t i s f i e d  s i n c e  ozone abso rp t ion  c o e f f i c i e n t s  i n  the 
W ,  v i s i b l e  and near  I R  have been measured i n  the l abora to ry  under a 
wide range of condi t ions .  
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The f i r s t  cond i t ion ,  i .e . ,  a knowledge of the  wavelength dependence of 
o t h e r  a t t e n u a t i o n  mechanism, warran ts  some cons idera t ion .  I f  t he  a t t e n -  
u a t i o n  were due mainly t o  Rayleigh s c a t t e r i n g ,  then  e i t h e r  the  h depen- 
dence of the  s c a t t e r i n g  e f f i c i e n c y  could be invoked o r  use  could be made 
,of t abu la t ed  Rayleigh s c a t t e r i n g  c o e f f i c i e n t s  f o r  air*. However, i n  the  
lower atmosphere, s c a t t e r i n g  by p a r t i c u l a t e  matter is a n  order  of magni- 
tude more important  than Rayleigh s c a t t e r i n g  by a i r  molecules.  The wave- 
l eng th  dependence i n  t h i s  case  w i l l  n o t  be the  same under a l l  circum- 
s t ances ,  s i n c e  it depends on t h e  s i z e  d i s t r i b u t i o n  of t h e  ae roso l  par-  
t i c l e s .  Two a l t e r n a t i v e s  e x i s t :  (1) a r e p r e s e n t a t i v e  s i z e  d i s t r i b u t i o n  
of p a r t i c l e s  can be assumed i n  a l l  ca ses  with a "standard" s p e c t r a l  
s c a t t e r i n g  e f f i c i e n c y  curve o r ,  (2)  the  wavelength dependence can be 
determined empi r i ca l ly  by us ing  two wavelengths which f a l l  ou t s ide  of 
t he  absorp t ion  band and e x t r a p o l a t i n g  t o  a t h i r d  wavelength f a l l i n g  in-  
s i d e  the  absorp t ion  band. On the  o the r  hand, i f  the l a s e r  ozone probe 
wavelength co inc ides  wi th  the  9 . 6 ~  absorp t ion  band, t he  h dependence 
may be used s i n c e  the  aerosol  p a r t i c l e s  w i l l  be i n  the  Rayleigh range,  
I n  any c a s e ,  i t  appears  t h a t  t he  c o n t r i b u t i o n  t o  the  a t t e n u a t i o n  made 
by the  Rayleigh and ae roso l  s c a t t e r e r s  can be accounted f o r ,  and the  
r e s u l t a n t  a t t e n u a t i o n  due t o  ozone absorp t ion  deduced from a two- (or  
th ree- )  wavelength t ransmiss ion  measurement, 
4 
+C* 
4 
The method of ob ta in ing  the ozone conten t  from a t ransmiss ion  measure- 
ment a t  two wavelengths can be shown a n a l y t i c a l l y  as fol lows:  L e t  
be a wavelength which l i es  wi th in  an ozone absorp t ion  band, and h2 a 
wavelength ou t s ide  of the absorp t ion  band but  reasonably c l o s e  t o  h 
The t ransmiss ion  va lues  f o r  the atmospheric path i n  ques t ion  can  be 
w r i t t e n  as 
1 
1' 
T ( A l )  = exp - [ T ~  ( 0 3 )  + T(a i r )  + T 1 ( a e r o s o l ) ]  (2-1) 
* R. Penndorf, J .  O p t .  SOC. Am. - 4 7 ,  176 (1957)  
** P. T. Vanderhei, and B. J. Taylor ,  G.R.D. Research Notes No. 4 6 ,  
G.R.D., Bedford, Massachusetts.  
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exp - [ T ~  (air)  + T (aerosol )  1 (2- la) 
T ( A p )  = 2 
where 7 i s  the c o n t r i b u t i o n  t o  the  o p t i c a l  th ickness  due t o  the i n d i -  
c a t e d  types of molecules o r  p a r t i c l e s  a t  the wavelengths des igna ted  by 
the  s u b s c r i p t s .  Since it is assumed t h a t  t he  v a r i a t i o n  of the o p t i c a l  
th ickness  due t o  a i r  and ae roso l  s c a t t e r i n g  is known o r  can be measured, 
i . e . ,  G is  a weight ing f a c t o r  which allows the  o p t i c a l  th ickness  a t  a 
given wavelength t o  be deduced from a measured o p t i c a l  th ickness  a t  
another  wavelength. 
2 
T (Al) and T ( A  ) r ep resen t  measured q u a n t i t i e s  and t h e i r  r a t i o  i s  then  2 
where 
c1 = [ T ~  ( a i r )  + T 1 ( a e r o s o l ) ]  (1 - c2) (2- 4 )  
The number of  ozone molecules i n  the  atmospheric pa th ,  n ( 0 3 ) ,  can then  
be obta ined  from E q .  2-3,  through the  r e l a t i o n s h i p  
where Q (A ) i s  the known ozone absorp t ion  c ros s  s e c t i o n  per  molecule a 
a t  the  wavelength which l i e s  w i t h i n  an absorp t ion  band. 
1 
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2 . 2  ATMOSPHERIC TRANSMISSION MEASUREMENTS WITH PULSED LASERS 
The above d i scuss ion  has  d e a l t  only wi th  the method of ob ta in ing  ozone 
concent ra t ions  by d i f f e r e n t i a l  abso rp t ion  spectroscopy,  wi th  no r e fe rence  
t o  the  manner i n  which the t ransmiss ion  is t o  be measured. The method 
proposed here  i s  t h a t  which has been developed by Sandford i n  connect ion 
wi th  laser atmospheric scatter measurements. Bas i ca l ly  the  technique 
depends on measuring the r e t u r n  s i g n a l  due t o  backsca t t e r ing  of laser 
r a d i a t i o n  by a i r  and a e r o s o l  par t ic les  a t  a given h e i g h t  i n  the  atmo- 
sphere.  Height (or a l t i t u d e )  d i sc r imina t ion  i n  the  r e t u r n  s i g n a l  can  
be obta ined  by t ime-gat ing the d e t e c t o r  wi th  r e s p e c t  t o  the  o p t i c a l  
pu lse  emission from the  l a s e r .  The bas i c  geometry of the technique is 
i l l u s t r a t e d  i n  Fig.  2-1. 
* 
Two assumptions are e s s e n t i a l  t o  the measurement of atmospheric t r ans -  
mission by t h i s  technique: (1) the atmosphere between the  laser probe 
and the  a l t i t u d e  (h)  t o  which the  t ransmiss ion  is  t o  be measured is  
h o r i z o n t a l l y  uniform. (2)  The laser r a d i a t i o n  i s  i s o t r o p i c a l l y  s c a t t e r e d  
by the  volume element of atmosphere loca t ed  a t  the  a l t i t u d e  ( h ) .  When 
these  two assumptions are v a l i d ,  the  atmospheric t ransmiss  ion  i s  de t e r -  
mined by measuring the  c o n t r i b u t i o n  t o  the r e t u r n  s i g n a l  t h a t  o r i g i n a t e s  
a t  the a l t i t u d e  (h).  This i s  done f o r  a series of  e l e v a t i o n  angles ,  5 ,  
of the laser t r a n s m i t t e r .  For a d e t e c t o r  with f ixed  c o l l e c t i n g  ape r tu re  
area, A ,  t he  f r a c t i o n  of the t o t a l  r a d i a t i o n  t h a t  i s  s c a t t e r e d  i n t o  the  
d e t e c t o r  s o l i d  angle  is given by 
1 A  1 A 
(h) = - - = - 
TT P , ~  h2 csc2 0 
where 1 is the  s l a n t  d i s t ance  t o  the  volume element l oca t ed  a t  the  
a l t i t u d e  (h) .  For a h o r i z o n t a l l y  uniform atmosphere the  t ransmiss ion  
*M.C.W. Sandford,  J.  Atm.  T e r r .  Phys. 29, 1657 (1967) -
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Figure 2-1. Schematic Illustration of Atmospheric Transmission Measure- 
ments by a Laser Pulse 
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V’ 
i s  r e l a t e d  t o  the  v e r t i c a l  t ransmiss ion  T 
TS , f o r  a s l a n t  pa th ,  
through the r e l a t i o n s h i p .  
Ts (h) = exp [ - T ~  (h) csc 93  = Tv (h)exp [csc 133 (2-7) 
where 7 (h) is the  v e r t i c a l  o p t i c a l  th ickness  of t he  atmosphere between 
ground l e v e l  and ( h ) .  By combining E q s .  2-6 and 2-7, and a l lowing  f o r  a 
two-way pa th ,  the fol lowing express ion  i s  obta ined  f o r  the r a t i o  of l a s e r  
r a d i a t i o n  rece ived  by the  d e t e c t o r  t o  the t r ansmi t t ed  r a d i a t i o n .  
V 
-2  x c sc  13 Tv exp [ 2  csc  8 1  
o r  
l o g  [I, (h V )  Io] = k - 2 log  csc 8 + 2 csc 0 log Tv ( 2 - 9 )  / 
I n  the  above equat ion ,  k i s  a f a c t o r  t h a t  depends on ins t rumenta l  param- 
e ters  and on the  atmosphere, bu t  i s  independent of 0 .  
The l e f t  hand s i d e  of E q .  2-9 r ep resen t s  a measured quan t i ty ,  i .e . ,  the 
r a t i o  of  rece ived  r e t u r n  power t o  t ransmi t ted  power when the  l a s e r  e l e -  
v a t i o n  angle  i s  cr. I f  a s e r i e s  o f  readings over a range of v values  
are performed, the T values  can be deduced from a p l o t  of the q u a n t i t y  
V 
2 . 3  CONCLUSIONS AND RECOMMENDATIONS 
Atmospheric t ransmiss ion  a t  the  ruby l a s e r  wavelength has been measured 
i n  the  manner descr ibed  above by Sandford with s a t i s f a c t o r y  r e s u l t s .  His 
t ransmiss ion  measurements r e l a t e  t o  a n  atmospheric path from ground level 
7 08 7- F i n a l  163 
t o  an  a l t i t u d e  of 6 km. It would appear ,  neve r the l e s s ,  t h a t  the method 
r e q u i r e s  cons iderably  more a n a l y s i s  before  i t  can be s u c c e s s f u l l y  imple- 
mented as a n  ozone probe. I n  p a r t i c u l a r ,  i t  appears  t h a t  t he  angular  
dependence as expressed by E q .  2-8 i s  ove r - s impl i f i ed ,  The angular  de- 
pendence of t he  s c a t t e r i n g  func t ion  of t y p i c a l  a i r  and a e r o s o l  mixtures  
should be analyzed i n  d e t a i l  over the  a n t i c i p a t e d  range o f  e l e v a t i o n  
angles  and f o r  the t r ansmi t t ed  wavelengths. Also,  the  lasers t h a t  would 
be used f o r  the  t ransmiss ion  measurements were no t  s p e c i f i e d  i n  the  d i s -  
cuss ion  above. This  can be done only a f t e r  a more d e t a i l e d  a n a l y s i s  i s  
poss ib l e ,  which would include s igna l - to -no i se  c a l c u l a t i o n s  t o  i n d i c a t e  
the a l t i t u d e  c a p a b i l i t i e s  of the proposed lasers, and the  ozone absorp- 
t i o n  s t r e n g t h s  a t  the  l a s e r  wavelengths and over the corresponding paths  
through the  atmosphere, e tc .  
Among the  p o s s i b i l i t i e s  are CO lasers whose output  wavelengths f a l l  
w i th in  and i n  the  v i c i n i t y  of t he  9 . 6 ~  abso rp t ion  band, and Raman lasers 
2 
whose wavelengths co inc ide  wi th  the v i s i b l e  and W absorp t ion  bands. 
S p e c i f i c  examples of these  l a s e r s  have been d iscussed  i n  d e t a i l  i n  pre-  
vious r e p o r t s .  
The assumption o f  a h o r i z o n t a l l y  uniform atmosphere should a l s o  be ex- 
amined c a r e f u l l y .  Fur ther  a n a l y s i s  may show t h a t  t h i s  i s  unnecessary,  
s ince  i t  is poss ib l e  t o  o b t a i n  continuous record ings  of l a s e r  r e t u r n  
as a func t ion  of a l t i t u d e .  The t ransmission va lues  for a continuous 
number of a l t i t u d e s  and a s e t  of angles  can thus be measured and non- 
u n i f o r m i t i e s  i n  t ransmiss ion  de tec ted .  Such nonuniformit ies  might be 
due t o  pa tch iness  i n  the  ozone d i s t r i b u t i o n ,  f o r  example. Although 
many of the  d e t a i l s  of the  techniques descr ibed  here  remain t o  be 
analyzed,  the p r i n c i p l e s  upon which i t  is  based appear t o  be v a l i d  and 
s t r a igh t fo rward .  The concept discussed above appears  t o  warrant  f u r t h e r  
examination, e s p e c i a l l y  s i n c e  the  need f o r  measuring ozone i n  the lower 
atmosphere i s  becoming inc reas ing ly  urgent  i n  the a n a l y s i s  and c o n t r o l  
of a i r  p o l l u t i o n .  
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SECTION 3 
PROPOSED METHOD OF UPPER ATMOSPHERIC 
OZONE MONITORING FROM NIMBUS-TYPE SATELLITES 
This  s e c t i o n  i s  based on a proposal  which w a s  made t o  NASA, through 
t h e i r  r e spec t ive  o rgan iza t ions ,  by th ree  c o i n v e s t i g a t o r s  : J. A. Duardo 
of Elec t ro-Opt ica l  Systems, Inc.;  C .  E .  Palmer, I n s t i t u t e  of  Geophysics 
and P lane ta ry  Physics a t  UCLA; and V .  S .  Venkateswaran, Department of  
Meteorology a t  UCLA. It is d iv ided  i n t o  two p a r t s :  P a r t  I desc r ibes  
the  s c i e n t i f i c  aspects of the  i n v e s t i g a t i o n ,  and P a r t  I1 desc r ibes  the 
engineer ing  necessary f o r  i t s  success .  
The i n t e n t i o n  of  the  proposed endeavor would be t o  measure atmospheric 
ozone by monitor ing the  a t t e n u a t e d  s o l a r  r a d i a t i o n  i n  the  middle u l t r a -  
v i o l e t  as the sun i s  occul ted  by the e a r t h  and i t s  atmosphere. The 
monitor ing would be performed i n  t e n  d i f f e r e n t  wavelengths by a spectrom- 
e te r  viewing a narrow s l ice  of the  s o l a r  image from the s a t e l l i t e ,  
Nimbus E .  The measurements are capable of  y i e l d i n g  ozone d i s t r i b u t i o n s  
a t  high l a t i t u d e s ,  between 65 and 80' ( N  o r  S) and a t  i n t e r v a l s  of  30' 
longi tude during success ive  o r b i t s .  By c a r e f u l  t rea tment  of t he  d a t a ,  
t he  v e r t i c a l  ozone p r o f i l e s  can be obtained wi th  good he igh t  r e s o l u t i o n  
between 20 and 70 km. 
The ozone information obtained i n  t h i s  manner would be a va luable  a i d  
i n  the  a n a l y s i s  of the bui ldup and co l l apse  of  t h e  po la r  s t r a t o s p h e r i c  
vor tex .  The co l l apse  of the  vo r t ex  is  a dramat ica l ly  abrupt  meteoro- 
l o g i c a l  phenomenon whose exac t  time of occurrence is  h igh ly  v a r i a b l e ,  
The co l l apse  is known t o  be a s soc ia t ed  wi th  l a rge - sca l e  changes of a i r  
c i r c u l a t i o n  i n  both the  s t r a t o s p h e r e  and mesosphere. 
ionospheric  phenomena which accompany i t  remain obscure; success  of  
the  p r o j e c t  would, a t  least ,  i l l umina te  the  aeronomic problem. Beyond 
The aeronomic and 
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t h i s  l i e s  a much more important s c i e n t i f i c  ob j ec t ive - - the  a c q u i s i t i o n  
of d a t a  fo r  one year  and f o r  both po la r  caps.  which w i l l  be the  base 
of a new ozone cl imatology i n  h igh  l a t i t u d e s .  
3 . 1  POLAR VORTEX BREAKDOWN AND SUDDEN STRATOSPHERIC WARMING 
A meteoro logica l  phenomenon i n  which ozone i s  be l i eved  t o  p l ay  an i m -  
p o r t a n t  r o l e  
of the  po la r  vor tex .  This phenomenon i s  r e l a t e d  t o  the l a rge - sca l e  
po la r  atmospheric c i r c u l a t i o n  p a t t e r n  and has  been the s u b j e c t  of many 
meteorological  i n v e s t i g a t i o n s  i n  r e c e n t  yea r s .  
i s  commonly r e f e r r e d  t o  as the c o l l a p s e  o r  "breakdown" 
The c i r c u l a t i o n  of the po la r  atmospheres above 12  km d i f f e r s  i n  a r e -  
markable way from t h a t  a t  lower a l t i t u d e s .  I n  both  hemispheres, the 
autumn and ear ly-winter  c i r c u l a t i o n  of the lower s t r a t o s p h e r e  i s  char -  
a c t e r i z e d  by a co ld  low centered  near  the pole  which becomes more pro- 
nounced w i t h  inc reas ing  a l t i t u d e .  The co ld  low i s  surrounded by a band 
of s t r o n g  west winds which are q u i t e  d i s t i n c t  from the  s t r o n g  t ropo-  
sphe r i c  w e s t e r l i e s  of lower l a t i t u d e s .  They are o f t e n  c a l l e d  the "polar  
n igh t  w e s t e r l i e s "  because the s t r o n g e s t  winds occur a t  r e l a t i v e l y  h igh  
l a t i t u d e s  near the boundary of  the po la r  n i g h t .  
The po la r  atmospheric c i r c u l a t i o n  i n  both hemispheres i s  a l s o  zonal  
during summer, bu t  the winds a r e  e a s t e r l y ,  no t  wes te r ly  as i n  win te r .  
The r e v e r s a l  of the c i r c u l a t i o n  usua l ly  takes  p l ace  over a s h o r t  pe r iod  
of t i m e ,  u sua l ly  i n  a mat te r  of  a few weeks. The k i n e t i c  energy of the 
c i r c u l a t i o n s  i s  n o t  n e g l i g i b l e ,  f o r ,  a l though the d e n s i t i e s  are small 
i n  t he  t rans- t ropospher ic  reg ion ,  the speeds of  the a i r  p a r t i c l e s  a r e  
l a r g e .  Craig has  reviewed the d a t a  f o r  w in te r  months and c i t e s  as 1 
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an  example a wind speed of 225 kno t s  recorded a t  an a l t i t u d e  of  26 km. 
Although wind speed d a t a  a t  h igher  a l t i t u d e s  are no t  g e n e r a l l y  a v a i l -  
a b l e ,  the  temperature s t r u c t u r e  of the  atmosphere i n d i c a t e s  t h a t  wind 
speeds should inc rease  wi th  a l t i t u d e  t o  some unknown maximum. The 
h igher  a l t i t u d e  speeds are so l a r g e ,  i n  f a c t ,  t h a t  the  i n t e g r a t e d  k i -  
n e t i c  energy of the  upper c i r c u l a t i o n  i s  comparable t o  t h a t  of  the 
lower. During some yea r s ,  and e s p e c i a l l y  over  Canada and the  United 
S t a t e s ,  the r e v e r s a l s  i n  wind d i r e c t i o n  and changes i n  d e n s i t y  are 
spec tacu la r .  
A t  these  t i m e s ,  the  r e v e r s a l  of d i r e c t i o n  i s  s a i d  t o  be marked by the 
"breakdown" of the po la r  vor tex .  The dens i ty  and wind v a r i a t i o n s  a r e  
n o t  l i k e  those accompanying l o c a l  changes i n  a i r  mass i n  the t ropo-  
sphere ,  s ince  they involve a r e a s  of c o n t i n e n t a l  dimensions. Fur ther -  
more, there  a r e  no changes comparable i n  magnitude ou t s ide  of the p o l a r  
reg ions .  
A t  p r e sen t ,  i t  appears  l i k e l y  t h a t  the seasonal  changes i n  p o l a r  re- 
g ions  a r e  accompanied by: (a) r a p i d  changes i n  the v e r t i c a l  d i s t r i -  
bu t ion  of ozone; (b) corresponding changes i n  t o t a l  ozone i n  the same 
Teweles  and Finger' f i r s t  showed t h a t  the changes i n  c i r c u -  
and (c)  a d i f f e r e n c e  i n  those r e s p e c t s  between the  two hemi- 
spheres .  
l a t i o n  accompanying the breakdown begin a t  high l e v e l s  and proceed 
downward. There are no c o r r e l a t i v e  observa t ions  t h a t  show t h a t  changes 
i n  ozone d i s t r i b u t i o n  above 30 km behave i n  the  same fa sh ion .  I n  f a c t ,  
no observa t ions  e x i s t  t h a t  could be used t o  re la te  v a r i a t i o n s  with time 
of the d i s t r i b u t i o n  above 30 km, a t  and near the poles ,  wi th  major d i s -  
turbances of the c i r c u l a t i o n  i n  those reg ions .  
It has  been suggested t h a t  ozone be used as a t r a c e r  of  a i r  motions 
dur ing  the breakdown. However, the  d i s t r i b u t i o n  could  so  be used only 
i f  the ozone mixing r a t i o  i s  a conserva t ive  proper ty  of  the moving a i r  
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p a r t i c l e s .  While t h i s  may be so i n  the lower s t r a t o s p h e r e ,  the d i s t r i -  
bu t ion  above the  ozone maximum i s  probably not  conserva t ive  because 
the re  are sources  of ozone a t  h igh  a l t i t u d e s  even i n  the p o l a r  n i g h t .  
During descending motion i n  the  p o l a r  vo r t ex  (such as occurs  during the 
breakdown) atomic oxygen i s  brought from low t o  h igh  p res su res  wi th  a 
consequent formation of new ozone. Furthermore, i t  may w e l l  be t h a t  
proton bombardment of molecular oxygen i n  the a u r o r a l  zone, which can  
occur as low as 60 km, produces atomic oxygen and, as a by-product,  
ozone. Hence, the problem of c o r r e l a t i n g  c i r c u l a t i o n  changes wi th  
changes i n  p o l a r  ozone i s  complicated and can  only  be at tempted by 
making accu ra t e  observa t ions  of the  v e r t i c a l  d i s t r i b u t i o n  of ozone 
above the  maximum. I n  b r i e f ,  the  d i s t r i b u t i o n s  would have t o  be ac- 
counted f o r  i n  terms of (a) convect ion i n  the  gene ra l  sense,  and (b) 
syn thes i s  of ozone by c o l l i s i o n  processes  o f  the two classes mentioned. 
These terms can be sepa ra t ed .  The convect ion term can be s t u d i e d  i f  
t h e  l a r g e  scale c i r c u l a t i o n  and the d i s t r i b u t i o n  are known. The down- 
ward source term can be eva lua ted  i f  the v e r t i c a l  motion i s  known. The 
pro ton  source term ( i f  any) can be sepa ra t ed  o u t  if observa t ions  are 
made a t  both poles .  
5 
It should be emphasized t h a t  the t iming,  i n t e n s i t y ,  and c h a r a c t e r  of the  
po la r  vo r t ex  breakdown vary remarkably from year  t o  year ,  as w e l l  as 
d i f f e r i n g  i n  the  two hemispheres.  To o b t a i n  c o r r e l a t i o n s  between ozone 
d i s t r i b u t i o n s  and the vo r t ex  c o l l a p s e ,  ozone measurements should pre-  
f e r a b l y  be made on a cont inuous b a s i s .  That is, d r a s t i c  changes i n  
ozone concent ra t ions  can  be de t ec t ed  only i f  the t i m e  behavior of the 
d i s t r i b u t i o n  i s  known over a r e l a t i v e l y  long period of t i m e .  
C lose ly  a s soc ia t ed  w i t h  the  po la r  vo r t ex  breakdown i s  the "sudden" o r  
"explosive s t r a t o s p h e r i c  warming" f i r s t  noted by Scherhag . Immediately 
fo l lowing  the vo r t ex  c o l l a p s e ,  t he re  i s  observed a l a r g e  inc rease  i n  
temperature i n  the mesospheric reg ion .  
6 
The warming propagates  r a p i d l y  
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from the  mesosphere v e r t i c a l l y  downward i n t o  the s t r a t o s p h e r e  and has  
been d e t e c t e d  over l a r g e  areas i n  the  a rc t ic  reg ion  and i n  f a c t  through- 
o u t  the e n t i r e  h i g h - l a t i t u d e  Northern Hemisphere. While the "sudden 
s t r a t o s p h e r i c  warming" i n  the Northern Hemisphere occurs  a t  var ious  
times between January and March, i t  has  not  been observed i n  t h e  South- 
e r n  Hemisphere before  spr ing .  The d i f f e r e n c e  i n  t iming of the  vor tex  
breakdown and a s s o c i a t e d  sudden warming i n  the  two hemispheres sugges ts  
t h a t  the  topography of the  two p o l e s  somehow p l a y s  a r o l e  i n  the  develop- 
ment of  the  i n s t a b i l i t y  which causes  the breakdown. However, the na ture  
of t h i s  r o l e  and, i n  f a c t ,  the  e x a c t  na ture  of the i n s t a b i l i t y  are not  
y e t  understood. 
3 Godson 
ozone conten t  over arctic a r e a s  and concludes t h a t  ozone p lays  a major 
r o l e  i n  the  bui ldup and c o l l a p s e  of the vor tex .  However, the r e l a t i o n -  
s h i p s  among atmospheric c i r c u l a t i o n s ,  ozone, and temperature g r a d i e n t s  
a r e  too complex, and observa t iona l  d a t a  too spa r se ,  t o  a l low any d e f i n i t e  
explana t ion  of the  p r e c i s e  r o l e  played by ozone. 
Godson s t a t e s ,  "It w i l l ,  of course ,  be e v i d e n t  t h a t  there  i s  no satis-  
f a c t o r y  a l t e r n a t i v e  t o  adequate d a t a  on the v e r t i c a l  d i s t r i b u t i o n  of 
ozone, a v a i l a b l e  from a s u i t a b l e  network of s t a t i o n s .  . . I f  we had a 
good ozonesonde network, ... i t  would then be p o s s i b l e  t o  e x p l a i n  a l l  
v a r i a t i o n s  on a day-to-day b a s i s ,  and thus t o  a r r i v e  a t  explana t ions  
f o r  the s a l i e n t  f e a t u r e s  on a longer per iod ,  inc luding  seasonal  e f f e c t s . "  
has  analyzed ex tens ive  d a t a  conce'rning the  t o t a l  atmospheric 
I n  t h i s  connection, 
I n  the fol lowing sec t ion ,  i t  w i l l  be shown t h a t  the Nimbus satel l i tes ,  
by v i r t u e  of  t h e i r  o r b i t s ,  provide a unique opportuni ty  f o r  ob ta in ing  
continuous,  synopt ic  d a t a  on the v e r t i c a l  ozone d i s t r i b u t i o n  i n  the v i -  
c i n i t y  of  both poles .  
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3 . 2  NIMBUS SATELLITES AS VEHICLES FOR POLAR ATMOSPHERIC OZONE 
MEASUIUPBNTS 
It i s  w e l l  known t h a t  t h e  near -polar ,  sun-synchronous o r b i t s  of t h e  
Nimbus s a t e l l i t e s  a r e  h i g h l y  advantageous f o r  remote r a d i a t i o n  measure- 
ments, of meteorological  s i g n i f i c a n c e ,  t h a t  a r e  performed by e a r t h -  
p o i n t i n g  senso r s .  These o r b i t a l  c h a r a c t e r i s t i c s  ensure t h a t  extended 
observa t ions  over t he  s u n l i t  and dark  s i d e s  of t h e  e a r t h . w i l l , b e  made 
dur ing  each o r b i t ,  and t h a t  they  w i l l  a l s o  provide near  l o c a l  noon and 
midnight coverage a t  d i f f e r e n t  longi tudes  on success ive  o r b i t s .  Most 
of t he  experiments planned f o r  t h e  Nimbus B and D f l i g h t s  a r e  designed 
t o  e x p l o i t  t h i s  type of e a r t h  coverage. However, t he  Nimbus o r b i t s  
a l s o  prove t o  be i d e a l  f o r  another  important c l a s s  of experiments,  
namely those based on t h e  phenomenon of s o l a r  o c c u l t a t i o n  by the  e a r t h ' s  
atmosphere near  t he  poles .  
t i o n  of s o l a r  r a d i a t i o n  t h a t  passes  t a n g e n t i a l l y  through the  e a r t h ' s  
atmosphere provides a s t r a i g h t f o r w a r d  and accura te  means of deducing 
the  v e r t i c a l  d i s t r i b u t i o n  p r o f i l e  of atmospheric c o n s t i t u e n t s .  I n  t h i s  
s e c t i o n ,  it w i l l  be shown t h a t  t h e  o c c u l t a t i o n  technique can be used t o  
measure h igh- reso lu t ion  v e r t i c a l  p r o f i l e s  of ozone d e n s i t y  over t he  p o l a r  
reg ions  i f  appropr ia te  o p t i c a l  instruments  a r e  mounted on the  Nimbus 
s a t e l l i t e s .  
It has  long been recognized t h a t  t h e  observa- 
3 . 2 . 1  CHARACTERISTICS OF NIMBUS SATELLITE ORBIT 
To make the  Nimbus s a t e l l i t e s  sun-synchronous, t h e  launch parameters 
a r e  such a s  t o  cause t h e  o r b i t  t o  precess  p o s i t i v e l y  about t h e  e a r t h ' s  
p o l a r  a x i s  a t  a r a t e  of 360 degrees per year .  
from Vandenberg AFB a t  midnight i n  a nor thwes ter ly  d i r e c t i o n  with t h e  
r e s u l t  t h a t  a s t r a i g h t  l i n e  from the  c e n t e r  of the  e a r t h  t o  the  c e n t e r  
of  t he  sun always l i e s  i n  the  plane of t he  s a t e l l i t e  o r b i t .  The o r b i t a l  
angular momentum v e c t o r  makes an angle  of 100 
The s a t e l l i t e  is launched 
0 with  t h e  e a r t h ' s  s p i n  
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0 a x i s ,  and t h e  o r b i t a l  plane i s  i n c l i n e d  t o  the  e q u a t o r i a l  plane by 80 . 
The o r b i t  i s  c i r c u l a r ,  wi th  a nominal a l t i t u d e  of  1100 km and a per iod 
of 1 .79  hours .  
The o r b i t a l  c h a r a c t e r i s t i c s  noted above ensure t h a t  during each o r b i t  
t he  s a t e l l i t e  w i l l  be i n  p o s i t i o n ' t o  make a s o l a r  o c c u l t a t i o n  measure- 
ment i n  t h e  v i c i n i t y  of each pole .  
l i t e  can be examined in terms of t h e  sunse t  p o i n t  of success ive  occul ta -  
t i o n s ,  i . e . ,  t he  geographical  l o c a t i o n s  above which the  v e r t i c a l  ozone 
p r o f i l e s  a r e  determined. Since the  per iod  of t he  o r b i t  i s  1.79 hours ,  
o c c u l t a t i o n s  occur i n  the  v i c i n i t y  of e i t h e r  pole  a t  a r a t e  of 13.4  a 
day. 
day so t h a t  successive o c c u l t a t i o n s  occur a t  i n t e r v a l s  of longi tude equal  
t o  26.8 degrees .  
both on the  t i m e  of year  of t h e  launch and on t h e  t i m e  e lapsed a f t e r  t he  
launch. I n  genera l ,  t he  o c c u l t a t i o n  l a t i t u d e s  w i l l  s lowly o s c i l l a t e  
between t h e  extreme l a t i t u d e s  of 65' and 80 , with  a per iod of s ix  months. 
Figure 3-1 shows the  Northern Hemisphere o c c u l t a t i o n  p o i n t s  t h a t  would 
r e s u l t  dur ing  the  f i r s t  48 hours  fol lowing a late-NovemberIlaunch. The 
p a t t e r n  would be q u a l i t a t i v e l y  i d e n t i c a l  f o r  a launch a t  any o t h e r  t i m e  
of the  year  and a l s o  f o r  t he  Southern Hemisphere. It i s  thus  seen t h a t  
i f  the  o r b i t a l  c h a r a c t e r i s t i c s  of t he  Nimbus s a t e l l i t e s  could be explo i ted  
f o r  measuring atmospheric ozone by t h e  s o l a r  o c c u l t a t i o n  method, i t  would 
provide the  b a s i s  f o r  a new synopt ic  ozone cl imatology i n  high l a t i t u d e s .  
The coverage provided by t h e  s a t e l -  
The e a r t h ' s  angular r o t a t i o n  r a t e  i s  360 degrees of longi tude  per  
The la t i tudes- '  of the  o c c u l t a t i o n  p o i n t s  w i l l  depend 
0 
3 . 3  INSTRUMENTAL REQUIREMENTS OF OZONE MEASUREMENTS BY THE OCCULTATION 
METHOD 
The o p t i c a l  and phys ica l  p r i n c i p l e s  of t h e  o c c u l t a t i o n  method of ozone 
measurement have been discussed i n  d e t a i l  i n  previous r e p o r t s .  The 
performance requirements t h a t  t h e  measurement technique imposes on a 
sa te l l i t e  instrument w i l l  be  reviewed here b r i e f l y .  
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Figure 3-1. Northern Occul ta t ion  P o i n t s  During F i r s t  48 Hours 
of Nimbus O r b i t ,  Assuming La te  November, Midnight 
Launch from Vandenberg AFB. Simi lar  Coverage (26 
Occul ta t ions)  W i l l  Resul t  i n  South Po la r  Regions 
During This  Time. 
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3 . 3 . 1  S E L E C T I O N  OF WAVELENGTHS TO BE MONITORED 
Previous d i scuss ions  have emphasized t h e  f a c t  t h a t  i f  t h e  v e r t i c a l  
ozone d i s t r i b u t i o n  i s  t o  be measured over  an extended a l t i t u d e  range ,  
t h e  i n t e n s i t i e s  of s e v e r a l  wavelengths of s o l a r  r a d i a t i o n  need t o  be  
monitored dur ing  one given o c c u l t a t i o n  per iod .  The reason  f o r  t h i s  i s  
i l l u s t r a t e d  g raph ica l ly  i n  F ig .  3-2, which shows the  molecular t h i ck -  
nesses  of d i f f e r e n t  t a n g e n t i a l  paths through the  e a r t h ' s  atmosphere. The 
t o t a l  number of a i r  and ozone molecules were computed as a f u n c t i o n  of 
t h e  a l t i t u d e  of c l o s e s t  approach of t h e  s o l a r  r a y s  t o  t h e  sunse t  po in t  
on e a r t h  by using "standard" v e r t i c a l  d i s t r i b u t i o n s  of a i r  and ozone. 
The a l t i t u d e  range of i n t e r e s t  i n  t h e  po la r  c i r c u l a t i o n  a n a l y s i s  d i s -  
cussed i n  Sec t ion  2 extends from 20 km t o  70 km. It is  seen  t h a t ,  i n  
t h i s  range ,  bo th  t h e  a i r  and ozone th icknesses  vary by about t h r e e  
o rde r s  of magnitude. 
F igure  3-2 can be transformed i n t o  an o p t i c a l  t h i ckness  curve f o r  any 
given wavelength by weight ing t h e  a i r  and ozone th i cknesses ,  respec-  
t i v e l y ,  by t h e  Rayleigh s c a t t e r i n g  c r o s s  s e c t i o n  and abso rp t ion  c ros s  
s e c t i o n  p e r  molecule, which are appropr i a t e  t o  t h a t  wavelength. This 
has been done f o r  a number of wavelengths, as is shown i n  Fig.  3-3.  A 
genera l  c r i t e r i o n  from abso rp t ion  spectroscopy i s  t h a t  t ransmiss ion  
measurements can  be used f o r  a c c u r a t e  q u a n t i t a t i v e  de te rmina t ions  only 
w i t h i n  t h e  t ransmiss ion  range of 0.05 < T 0.95. I n  terms of t h e  
o p t i c a l  t h i c k n e s s ,  7 ,  t h i s  means t h a t  u se fu l  measurements can be made 
only over a l t i t u d e  ranges corresponding t o  3 . 0  > T > 0.05. The curves 
i n  Fig.  3-3 thus demonstrate t h a t  any given wavelength can be used f o r  
ozone measurements only over a l i m i t e d  a l t i t u d e  range.  If coverage i s  
d e s i r e d  f o r  t h e  e n t i r e  a l t i t u d e  range between 20 and 70 km, s e v e r a l  
wavelengths ,  such a s  those  appearing i n  F ig .  3-3, would have t o  be 
u t i l i z e d .  
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Fur the r  i n s p e c t i o n  of F ig .^3 -3  shows t h a t  f o r  any given a l t i t u d e ,  u s e f u l  
t r ansmiss ion  measurements can  be made a t  only two o r  t h r e e  of t h e  wave- 
l eng ths  from among t h e  set chosen f o r  t h i s  i l l u s t r a t i o n .  The wave- 
l eng ths  w e r e ,  i n  f a c t ,  chosen so  t h a t  t h r e e  wavelengths could be moni- 
to red  a t  any given a l t i t u d e ,  s i n c e  t h i s  would provide  a c e r t a i n  amount 
of d e s i r a b l e  redundancy i n  t h e  d a t a .  However, t h e r e  i s  no need f o r  
continuous monitor ing of a l l  t h e  wavelengths as t h e  sa te l l i t e  scans  t h e  
a l t i t u d e  range between 20 and 70 km, s i n c e  t h i s  would r e s u l t  i n  t h e  
a c q u i s i t i o n  of l a r g e  amounts of u s e l e s s  d a t a .  The instrument  performing 
t h e  measurements should t h e r e f o r e  be  capable  of s e l e c t i n g  a t  any i n s t a n t  
t h a t  p a r t i c u l a r  s e t  of t h r e e  wavelengths which should be monitored. 
F i n a l l y ,  it should be r e c a l l e d  t h a t  t h e  o c c u l t a t i o n  method i s  s e l f -  
c a l i b r a t i n g .  That i s ,  t ransmiss ion  measurements are obta ined  by com- 
pa r ing  t h e  s o l a r  r a d i a t i o n  i n t e n s i t y  t r ansmi t t ed  by t h e  atmosphere t o  
t h e  d i r e c t  s o l a r  i n t e n s i t y .  For a number of r easons ,  i t  is d e s i r a b l e  
t o  measure t h e  d i r e c t  s o l a r  i n t e n s i t y  when t h e  s a t e l l i t e  i s  i n  t h e  same 
approximate o r b i t a l  p o s i t i o n  as when it  i s  making t h e  o c c u l t a t i o n  
measurements. The p o i n t s  S and S' i n  F ig .  3-4 i n d i c a t e  the r e l a t i v e  
p o s i t i o n s  of t h e  s a t e l l i t e  when i t  is making o c c u l t a t i o n  measurements 
and when i t  i s  viewing t h e  sun d i r e c t l y .  For p re sen t  purposes ,  t h e  
atmosphere can be considered t o  t e rmina te  a t  about 80 km, s i n c e  above 
t h i s  a l t i t u d e  s o l a r  r ays  i n  t h e  s p e c t r a l  reg ion  of i n t e r e s t  pas s  through 
t h e  atmosphere v i r t u a l l y  una t tenuated .  
* 
* 
These inc lude  t h e  f a c t  t h a t  t h e  sa te l l i t e  instrument  "on" c o n t r o l  and 
po in t ing  c o n t r o l  need t o  be a c t i v a t e d  only once pe r  o c c u l t a t i o n  and 
t h e  f a c t  t h a t  p o l a r i z a t i o n  of t h e  s u n l i g h t  by t h e  instrument  o p t i c s  
w i l l  no t  change d r a s t i c a l l y  i f  t h e  ang le  of inc idence  of t h e  s o l a r  
r a d i a t i o n  on t h e  c o l l e c t i o n  o p t i c s  i s  approximately cons t an t  dur ing  
t h e  e n t i r e  measurement sequence. 
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3 . 3 . 2  INSTRUMENT POINTING REQUIREMENTS 
A s  has been discussed i n  previous r e p o r t s ,  one of t h e  bas i c  d i f f i c u l t i e s  
w i th  t h e  o c c u l t a t i o n  method of measuring ozone is  t h e  f a c t  t h a t  t h e  sun 
as seen from a s a t e l l i t e  i s  not  a po in t  source of r a d i a t i o n .  The s o l a r  
s u r f a c e  a c t u a l l y  r e p r e s e n t s  a f i n i t e  d i s k  of i l l umina t ion  whose r ays  
t r a v e r s e  t h e  atmosphere through widely varying pa ths .  
has introduced l a r g e  u n c e r t a i n t i e s  i n  t h e  r e s u l t s  of previous a t tempts  
t o  measure atmospheric ozone from s a t e l l i t e s  by t h e  o c c u l t a t i o n  tech-  
nique . 7-10 Refer r ing  t o  F i g .  3-5, i t  i s  seen t h a t  if the instrument i s  
allowed t o  view t h e  e n t i r e  s o l a r  d i s k ,  t h e  ozone d i s t r i b u t i o n s  t h a t  are 
der ived are "blurred" over a l a r g e  a l t i t u d e  range.  However, high- 
r e s o l u t i o n  v e r t i c a l  p r o f i l e s  can be  obtained i f  image-sl ic ing o p t i c s  
a r e  incorporated i n t o  t h e  instrument  such t h a t  t h e  sun can v i r t u a l l y  
be rendered i n t o  a t h i n  ho r i zon ta l  l i n e  source of r a d i a t i o n .  
This c i rcumstance 
A s  viewed from t h e  a l t i t u d e  of t h e  Nimbus s a t e l l i t e s ,  t h e  s o l a r  d i s k  
p r o j e c t i o n  would correspond t o  an a l t i t u d e  i n t e r v a l  of some 35 krn above 
t h e  sunse t  p o i n t ,  P. I f  t h e  image-sl ic ing o p t i c s  r e s t r i c t  t h e  i n s t r u -  
ment's f i e l d  of view so t h a t  i t  accepts  r a d i a t i o n  from a s l i c e  of t h e  
d i s k  whose th ickness  is  approximately 1/10 of t h e  s o l a r  diameter ,  t h e  
a l t i t u d e  increment of a given measurement i s  reduced t o  some 3 t o  4 km. 
This image-sl ic ing c a p a b i l i t y  w i l l  be def ined he re  as one of t h e  c r i t e r i a  
which t h e  Nimbus instrument must s a t i s f y .  
3 . 3 . 3  TIME DURATION OF OCCULTATION MEASUREMENTS AND TIME-CODING OF DATA 
The p o s i t i o n  of t h e  o r b i t  i n  which t h e  sa te l l i t e  views t h e  sun through 
the  e a r t h ' s  atmosphere, a s  i n  F i g .  3 - 4 ,  i s  t r ave r sed  i n  a mat te r  of 25 
t o  30 seconds. 
of t h e  sun would scan t h e  20 km t o  70 km a l t i t u d e  above P a t  t h e  ra te  
of 3 . 8  km see-'. Therefore ,  t o  preserve  t h e  v e r t i c a l  r e s o l u t i o n  capa- 
b i l i t y  of t he  po in t ing  and image-sl ic ing components of the instrument ,  
A s t r a i g h t  l i n e  from t h e  Nimbus sa te l l i t e  t o  t h e  cen te r  
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Figure  3-5. Geometry of S a t e l l i t e  I l l umina t ion  
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s o l a r  i n t e n s i t y  record ings  should be made w i t h i n  a f r a c t i o n  of a second. 
Assuming t h a t  p h o t o e l e c t r i c  d e t e c t o r s  a r e  u t i l i z e d  f o r  the  i n t e n s i t y  
measurements, t h i s  imposes a l i m i t  on t h e  s i g n a l  i n t e g r a t i o n  t i m e  f o r  
each wavelength recording.  
It i s  obvious t h a t  t he  exac t  p o s i t i o n  of t h e  s a t e l l i t e  a t  the  t i m e  of 
each i n t e n s i t y  record ing  must be known so t h a t  accu ra t e  ozone p r o f i l e s  
can  be deduced from t h e  da t a .  Therefore ,  any da ta  t h a t  i s  te lemetered  
should be i d e n t i f i e d  wi th  the  t i m e  of t he  record ing ,  a s  provided by a 
c lock  c a r r i e d  by t h e  s a t e l l i t e .  The s a t e l l i t e  p o s i t i o n  corresponding 
t o  each i n t e n s i t y  reading  can thus  be determined from o r b i t a l  d a t a .  
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3 . 4  INSTRUMENT DESIGN 
3 . 4  1 FUNCTIONAL D E S C R I P T I O N  
The geometr ical  r e l a t i o n s h i p s  between the  sun,  t h e  e a r t h ,  and t h e  space- 
c r a f t  a r e  shown i n  F ig .  3 - 6 .  To measure atmospheric t ransmiss ion  i n  
both p o l a r  reg ions  from an ear th-or lezi ted s p a c e c r a f t  r e q u i r e s  t h e  i n s t r u -  
ment t o  accept  i n c i d e n t  l i g h t  from two d i r e c t i o n s  re la t ive t o  t h e  spaee- 
c r a f t .  The angle  5 between t h e  c e n t r a l  s o l a r  r a y  and t h e  l o c a l  v e r t i c a l  
i s  given by 
- A f H  
Ro ' 
S = s i n  
where = e a r t h  r a d i u s  = 6400 km, 
Ro = o r b i t a l  a l t i t u d e  = 1100 km, 
H = a l t i t u d e  of the  t r ansmi t t ed  r ay  i n  the  
t e rmina to r  plane,  
from which 
B = 58.7' a t  H = 0 
and 
@ = 60.7' a t  H = 140 Ian. 
The block diagram of the  instrumer.t i s  shown i n  F ig .  3-7. T w o  en t rance  
pa ths  a r e  provided EO accommodate t h e  sun-ear th-spacecraf t  geometry a t  
both p o l a r  regions of the  ea r th .  T h e  t ransc i i t t ed  s u q l i g h t  e n t e r s  through 
pa th  I a t  t h e  no r th  p o l a r  o c c u l t a t i o n  and throagh pa th  2 a t  t h e  south 
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p o l a r  o c c u f t a t l o n .  I t  i s  assumed h e r e  t h a t  t h e  spacecraf t :  i s  i n  3 poi.ar 
o r b i t  such t h a t  i t  e n t e r s  t h e  e a r t h ' s  s h a d m  in t h e  no r th  p o l s r  xegions.  
The two en t r ance  l i g h t  pa ths  are combined 3y a f ixed  beam-cczbin5ng 
mir ror ,  such t h a t  oae beam i s  above and one i s  below t h e  mar id i ana l  p lane  
of the  instrument .  A s e rvo -con t ro l l ed  o r i e n t a t i o n  mi r ro r  coxpensates  
f o r  s p a c e c r a f t  motions and main ta ins  t h e  image of t h e  s o l a r  6 i s c  i n  a 
f ixed  r e l a t i o n s h i p  t o  t h e  polychromator en t r ance  s l i t .  The posi t i 'on of 
t h e  o r i e n t a t i o n  mi r ro r  i s  c o n t r o l l e d  i n  two axes  by an o p t l c a l  o r i e n t a -  
t i o n  d e t e c t o r  and a se rvoampl i f i e r ,  which c o n t r o l  t h e  motor-dr iven mi r ro r  
p o s i t i o n i n g  mechanism. 
A Cassegrain t e l e scope  w i t h  a hyperbolo ida l  secondary r e f l e c t o r  images 
t h e  sun i n  t h e  p l ane  of t h e  polychromator e c t r a n c e  s l i t .  
W polychromator i s  used t o  s e p a r a t e  t h e  t e n  wavelength bands of inyeerest. 
These bands are on the  o rde r  of 1O.k wide,  spaced a t  100-i- i n t e r v a l s  from 
26005 t o  3500%. 
o p t i c a l  modulators chop t h e  10 s p e c t r a l  band outputs  of  t h e  polycliromator. 
Chopping of each band i s  achieved by means of an  opaque vane a t t ached  t o  
a tun ing  fork ,  t h e  o s c i l l a t i o n  of  which p e r i o d i c a l l y  blocks the  l i g h t  
t ransmiss ion  through t h e  system. The f requencies  of o s c i l l a t i o n  of the 
10 tun ing  fo rks  are sepa ra t ed  from each  o the r  t o  enable  synchronous 
d e t e c t i o n  of t he  i n d i v i d u a l  wavelength bands. A f i e l d  l ens  combines t h e  
chopped l i g h t  ou tpu t  o f  t h e  modulators  and d i s t r i b u t e s  the  energy ac ross  
t h e  cathode of t h e  photodetec tor .  A pre l iminary  a n a l y s i s  i n d i c a t e s  t h a t  
t he  l i g h t  1 e v e l . i J i l l  be  g r e a t  enough t o  enable  the  use of e i t h e r  a vacuum 
photodiode o r  a pho tomul t ip l i e r  d e t e c t o r .  
A f ixed -g ra t ing  
A t e n t h  band is  cen te red  a t  3800!-. A series of  i o  
The system e l e c t r o n i c s  a E p l i f i e s  and demodulates t h e  output  of  t h e  photo- 
m u l t i p l i e r  tube and produces a d i g i t a l  d a t a  output  f o r  teleinetry,  An auto-  
matic d a t a  s e l e c t i o n  system selects t h e  most p e r t i n e n t  wavelength bands f o r  
measurement. The s e l e c t i o n  c r i t e r i a  are as f o l l a m .  
A s  t h e  s p a c e c r a f t  e n t e r s  t h e  e a r t h ' s  shadow, the  upper atmospheric l a y e r s  
a t t e n u a t e  the  s h o r t e s t  wavelenzths  f i r s t ,  and t h e  longer  wave1eng:hs are 
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r e l a t i v e l y  una t tenuated .  
p rog res s ive ly  longer  wavelengths a r e  a t t enua ted .  The process  is reversed  
upon emergence from the  shadow. On e n t e r i n g  t h e  shadow, the  system measures 
t h e  t h r e e  s h o r t e s t  wavelength bands,  hl, h2, and h3, and t r ansmi t s  t h e i r  
i n t e n s i t i e s  t o  te lemet ry .  
below some predetermined minimum, t h e  system rejects h l ,  s u b s t i t u t e s  A4 i n  
i t s  p l ace ,  and monitors X2 t o  determine t h e  next  switching.  
cont inues  measuring t h r e e  consecut ive bands,  r e j e c t i n g  t h e  s h o r t e s t  wave- 
l eng ths  a s  t hey  diminish and measuring p rogres s ive ly  longer  bands u n t i l  t h e  
sequence ends w i t h  t h e  s e l e c t i o n  of X7,  h8, and h 
h10 = 3800i, i s  measured cont inuous ly  throughout t h e  sequence. 
As t h e  s p a c e c r a f t  descends f u r t h e r  i n t o  t h e  shadow, 
When t h e  i n t e n s i t y  of t h e  s h o r t e s t  band, h l ,  drops 
Thus t h e  system 
The longes t  wavelength,  9' 
On emerging from t h e  e c l i p s e ,  a s l i g h t l y  d i f f e r e n t  c r i t e r i o n  i s  used t o  
avoid t h e  need of  measuring a vavelength  band which i s  no t  te lemetered.  
The s y s t e n  begins  t h e  emergence sequence, measuring the  t h r e e  longes t  
bands,  h7,  h y ,  hg, and monitorii lg t h e  c e n t e r  band of  t h e  th ree .  
i n c r e a s e s  t o  a predetermined maximum, t h e  system rejects  h , s u b s t i t u t e s  
h6,  and monitors  ' 
t i o n  o f  XI, A*, and A3. 
A s  X8 
9 
This  sequence cont inues  u n t i l  i t  ends w i t h  t h e  selec- "7 
When t h e  s p a c e c r a f t  emerges t o  t h e  p o i n t  where the  i n c i d e n t  s o l a r  r ays  
pas s  more than 100 k i lome te r s  above the  e a r t h ' s  s u r f a c e ,  t he  system measures 
a l l  of the  n ine  wavelength bands s e q u e n t i a l l y  f o r  u se  i n  c a l c u l a t i n g  atmo- 
s p h e r i c  t ransmiss ion .  A s  the  s p a c e c r a f t  approaches t h e  e c l i p s e ,  t h e  n ine  
bands sre measured and s t o r e d  i n  t h e  e l e c r r o n i c s  f o r  u s e  i n  the  automatic  
d a t a  s e l e c t i o n .  
For the  r.oinina1 1100-kilometer Yimbus o r h i c ,  t he  system measures d i r e c t  
s o l a r  r a d i a t i o n  at. a l t i t u d e s  of c l o s e s t  approach of 140 t o  100 k i lometers  
and measures atmospheric t ransmiss ion  between 190 and about 10 ki lometers .  
The t o t a l  e1cpse.d tin;e, neglectir,g atmosyheric r e f r a c t i o n ,  t o  t r a n s i t  
frorn 140 t o  0 k i lometers  i s  36 seconds, assumir,g a c i r c u l a r  o r b i t .  For 
t h e  remair?der of t he  per iod  of t he  o r b i t  t he  system i s  i n a c t i v e .  The 
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systcn senses  an  ir,ipei!ding ecl ipse o r  mergence  by means of photoresi2tF-Je 
d e t e c t o r s  which d e t e c t  s u n l i g h t  e n t e r i n g  tnrough e i t h e r  en t r ance  pa th ,  
s i g n a l s  from t h e  r e s p e c t i v e  d e t e c t o r s  are used t o  s t a r t  t h e  e c l i p s e  o r  
cmergerxe sequence of t h e  i n s t r a n e n t ,  
T'ne 
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3.4.2 SIGNAL AND SIGNAL-TO-NOISE RATIO CONSSDERATIONS 
This  s e c t i o n  w i l l  be concerned w i t h  developing the  s i g n a l  a t  t h e  pkoro- 
cathode of t h e  photoemissive d e t e c t o r  and the  e f f e c t s  and sources  of 
no i se  p r e s e n t  i n  t h e  system. Based on assiunptions made from t h e s e  
cons ide ra t ions  , c a l c u l a t i o n s  w i l l  be made t o  d e t e r n i n e  t h e  r equ i r ed  
s i z e  of t h e  c o l l e c t i o i  o p t i c s  and t o  e s t ima te  system performance. 
3 . 4 . 3  SIGNAL 
The s i g n a l  power at t he  d e t e c t o r  is determined by the  source  s i g n a l ,  
c o l l e c t i n g  o p t i c s  s i z e ,  s l i t  s i z e ,  o p t i c a l  e f f i c i e n c y  of the  system, 
atmospheric t ransmiss ion ,  and t h e  system e l e c t r i c a l  bandwidth. 
The i n c i d e n t  power a t  t h e  d e t e c t o r ,  Ph , i s  g iven  by 
where 
7 = 7 7  a 0’ 
D =  
A =  
and f ’ =  
S 
atmospheric t ransmiss ion  = 0 .1  (worst c a s e )  , 
o p t i c a l  e f f i c i e n c y  of system = 0.25,  
spec_tral  bandwidth, 
c o l l e c t i n g  o p t i c s  d iameter ,  
spectral  rad iance  = 3 
2 
s p e c t r a l  i r r a d i a n c e ,  
s o l a r  suhtense  = 9.4 x r a d ,  
a r e a  of t he  s l i t ,  
f o c a l  l eng th  of t he  c o l l e c t i n g  o p t i c s ,  
7 6  , 
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which y i e l d s  
2 
Hl h wat t s .  
ph = a2 (f 'P 
The s l i t  area i s  
CI 
where 
W = s l i t  wid th  
and k = s l i t  a spec t  r a t i o .  
The s l i t  wid th  i s  r e l a t e d  t o  t h e  polychromator parameters  by 
2 2  s i n c e  a >> h , 
where 
f monochromator ._ f o c a l  l eng th ,  
a = g r a t i n g  spac ing ,  - 
and h = wavelength.  
Therefore  s u b s t i t u t i n g  f o r  A i n  Eq. 2 ,  
S 
2 3 2  
P =  THA D A h  f wat ts ,  
e2 ( f 1 ) 2  k (a2 - h2> 
w a t t s .  
Photoemissive d e t e c t o r s  conver t  photons i n t o  photoe lec t rons  w i t h  quantum 
e f f i c i e n c y  7 .  The photocathode s i g n a l  c u r r e n t  is g iven  by 
= l:e H;, D~ ;+ r. w 2 , 
a2 ( f ' ) 2  k h y 
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where 
e = e lec txon  chari;er 
h = Plank ' s  cons t an t ,  
and y = o p t i c a l  frequency. 
The parameters f ' A?,,  and W are  i n t e r r e l a t e d  and w i l l  be d iscussed  a t  
t h i s  time. 
The phys ica l  s i z e  of t h e  chopp-ing mechanism a t  t h e  s p e c t r a l  f o c a l  p lane  
w i l l  determine t h e  f o c a l  l eng th  of t h e  monochromator. Ca lcu la t ions  
i n d i c a t e  t h a t  2 30-cm f o c a l  l eng th  and a 1 0 , O O O k  g r a t i n g  spacing y i e l d s  
a s p e c t r a l  p l ane  d i s p e r s i o n  of 3 m-i!-liqcters p e r  100A. This dimecsion 
i s  s u f f  i c i s n t  f o r  t h e  mechanism under cons ide ra t ion .  
e 
The s p a t i a l  r e s o l u t i o n  of t h e  i n s t r u v e n t  i s  def ined  a s  t h e  range of 
minirnum alt i t ixles subtended by t h e  extrema1 rays  e n t e r i n g  the  polychromator 
s l i t .  It decern incs  the  minimum a l t i t u d e  eleme2t over which t h e  i n s t r u -  
ment i s  capable  of measuring atmospheric abso rp t ion .  
The ins tan taneous  s p a t i a l  r e s o l u t i o n  Ah i s  g iven  by 
Ah = a s ,  
where 
S = t h e  d i s t a n c e  from t h e  instrumcnt  t o  t h e  te rmina tor  p l ane  
3 3 . 9  x 10 kn f o r  an 1100-lm o r b i t ,  
and 'a = t he  f i e l d  of view subtended by t h e  polychromator s l i t  'width,  W. 
Then 
W 
cy = f, (9 1 
where f '  i s  t h e  f o c a l  l eng th  of  t he  co l l ec t i r , g  o p t i c s .  The va lue  of Q 
i s  s e l e c t e d  t o  y i e l d  a s u i t a b l y  smal l  va lue  of t he  s p a t i a l  r e s o l u t i o n ,  
Ah. The va lue  2 -- 5 x r ad ians  coryesponds t o  Ah = 2 k i lometers .  
Combining equat ions  4 and 8 y i e l d s  
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""1.- ~ i e ~ e f o r e )  a s p e c t r a l  SandwidLh of 2.5-t y i e l d s  ii s l i t  width of 0.075 nl;n 
and a c o l l e c t o r  f o c a l  l e n g t h ' o f  15 cm 2 t  e = 5 x lo-' radiails. 
Photocathode s i g n a l  c u r r e n t  can now be computed from Eq. 7 and i s  i l l u s -  
t r a c e d  i n  Fig.  3-8 as a f u n c t i o n  of c o l l e c t o r  diaineter.  The parameters 
are : 
= 0.2 ( I T T  F4018 (S5) photodiode) 
e = 1.6 x 10'' coulombs 
= 0.1  (worst  case) 
= 0.25 
'a 
T O  
Ah = 2.5 
W = 0.075 mm 
3 r ad ians  8 = 9.4 x 10- 
f '  = 15 crn 
k = 1/6 
h = 2600A and 3330-i 
H2600 = 14 x ~ / ~ r n 2  - A 
= 112 x W/cm2 - A H3330 
a = 10,ooo-i 
f = 30 c m  
h = 6.63 x 10 
cy = 5 x 10 rad ians  
- 34 jou le / sec  
- 4  
Figure 3-8 i l l u s t r a t e s  the  extreme cond i t ion ,  t h a t  i s ,  atmospheric t r ans -  
mission = O.l,which is  the minimum value  of i n t e r e s t .  The photocathode 
s i g n a l  extremes f o r  a 0.5-cm c o l l e c t i n g  diameter are the re fo re  from 10 
t o  amp. The anode c u r r e n t  of a pho tomul t ip l i e r  tube with  a ga in  a t  10 
w i l l  t he re fo re  vary from 
- 11 
4 
to 10-4 amp. 
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Figure 3-8. Photocathode Signal versus Collection 
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3 -4 e 4  SIGFAL-TO-KOISE RATIO 
There are t h r e e  sources  of n o i s e  i n  a n  o p t i c a l  r e c e i v e r  s y s t e n :  elec- 
t r o n i c ,  background, and d e t e c t o r .  E lec t ron ic  n o i s e  produced by compo- 
n e n t s  i s  gene ra l ly  neglec ted  w i t h  t h e  use  of pho tomul t ip l i e r s  b u t  i s  
cons idered  h e r e  i n  t h e  case of t h e  photodiode. Background n o i s e  can 
b e  neg lec t ed ,  s i n c e  t h e  f i e l d  of view and p o i n t i n g  system c o n s t r a i n  t h e  
system t o  look a t  t h e  c e n t e r  of t h e  sun. Detec tor  n o i s e  i s  caused by 
t h e  random n a t u r e  of photoernlssion, ohmic leakage ,  and c e r t a i n  regenera-  
t i v e  e f f e c t s  which manifest  themselves as dark  c u r r e n t .  
The system s igna l - to -no i se  r a t i o  i s  d i r e c t l y  p ropor t iona l  t o  t h e  s i g n a l  
c u r r e n t  and i n v e r s e l y  p ropor t iona l  t o  t h e  square  r o o t  of t h e  s i g n a l  and 
n o i s e  c u r r e n t  and i s  given by 
IS 
112 , sm = ( 2 e I t  + 4FkT/GR,)1/2 (Af) 
It = I + I + IBG' 
-9 D 
where 
S 
ID = d e t e c t o r  dark  c u r r e n t  = 5 x 10 (ITT 4018 (25)); 
- 
IBG - 
IS 
A € =  
F =  
k =  
T =  
G =  
- 
RL - 
c u r r e n t  r e s u l t i n g  from background sources ,  
e l e c t r o n i c  bsndr;idth =; 1/3 Hz, 
i s  given by E q .  7 , 
10 N E ' / l O  = an t i loga r i thm of t h e  a m p l i f i e r  n o i s e  f i g u r e ,  
Boltzmann's cons tan t  = 1.38 x 10 
t e m p e r a t u r e  of t h e  a m p l i f i e r ,  
e l e c t r o n  mul t ip lFca t ion  of t h e  d e t e c t o r  
(G = 1 f o r  t h e  vacuum photodiode),  and 
t r a n s r e s i s t z n c e  of t h e  a m p l i f i e r .  
- 23 
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Figure  3-9 illu;:rates tt;. signr:-t:>-imlse r a t i o  as a f u n c t i o n  of col-  
lector diarneter f o r  the minl.murn signal. c o n d i t i o n  ccrresponding t o  h = 
2600-t and T The f i g u r e  i n d i c a t e s  
t h a t  a s a t i s f a c t o r y  s lgna l - to -no i se  r a t i o  is ach ievab le  without  t h e  
need f o r  the an .p l i f i ca t ion  of a p h o t o a u l t i p l i e r .  
= 0.1, w i t h  a photodiode d e t e c t o r .  a 
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IAMETER (cm) 
Figure 3-9. Signal-to-Noise Ratio versus Collection Optics 
D iame t e r 
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3.5.1 GRIENTXIION OPTICS 
The o p t i c a l  l ayou t  of t h e  ins t rument  i s  shown i n  F ig .  3-10. Light  en ter i l lg  
the i n s t r u n m t  through e i t h e r  of t he  two pa ths  is r e f l e c t e d  from one of the  
two f i x e d  mi r ro r s  t o  t h e  movable o r i e n t a t i o n  mi r ro r s .  The tiqo o r i e n t a t i o n  
m i r r o r s  are f i x e d  i n  r e l a t i o n s h i p  t o  each o the r  and move toge ther  as a u n i t  
t o  s t a b i l i z e  t h e  image of t h e  s o l a r  di.sk. With t h i s  method of beam-combining 
a l t e r n a t e  ha lves  of t h e  c o l l e c t i o n  and polychromator o p t i c s  are u t i l i . zed  f o r  
l i gh t  e n t e r i n g  through the  two en t r ance  pa ths .  The movable o r i e n t a t i o n  
mirrors are pos i t i oned  by a motor-driven mechanism wi th  a t o t a l  angular  
travel of k3 about  two axes.  This  angular  freedom compensates f o r  a t o t a l  
ins t rument  misalignment of 6 r e l a t i v e  t o  the  sun. As t h e  instrument  views 
t h e  sun from t h e  ea r th -o r i en ted  s p a c e c r a f t ,  t h e  sun appears  t o  move as t h e  
s p a c e c r a f t  advances i n  i t s  o r b i t .  A sun- spacec ra f t - loca l  ver t ical  angular  
range  of 58.7 t o  60.7 corresponds t o  an  a l t i t u d e  range of 0 t o  140 ki loineters  
for i? 1100-lciionieter o r b i t .  This  2' t r ack ing  c a p a b i l i t y  i s  s u f f i c i e n t  t o  
e n a b l e  measuring both t h e  occul ted  and unocculted r a d i a t i o n  from t h e  sun. 
I n  a d d i t i o n  t o  t h e  t r a c k i n g  c a p a b i l i t y ,  t h e  o r i e n t a t i o n  system i s  a b l e  t o  
com?ensate f o r  3~1.5 s p a c e c r a f t  o r i e n t a t i o n  e r r o r s  and ins t rument  misal ign-  
ments. 
0 
0 
0 0 
0 
The prime rnovers are  two pernanent-magnet dc s t epp ing  motors. 
o f  n o t o r  i s  chosen f o r  i t s  p o s i t i v e  displacement  c h a r a c t e r i s t i c ,  which 
p e r m i t s  t h e  des ign  of a high-performance se rvo  wi thout  a need f o r  tachometer 
s t a b i l i z a t i o n .  I t s  small s i z e  and r e l i a b l e  c o n s t r u c t i o n  permit i t s  use i n  
s e a l e d  mechanisms where long ope ra t ing  l i f e  i s  important .  The mi r ro r  d r i v e  
mechanism i s  enclosed and he rme t i ca l ly  sea led  t o  p re se rve  1uSr i ca t ion  l n t e g r i t y  
i n  s?ace. 
b e l l o v s  between t h e  housing and the  mi r ro r  mount. 
This  type 
A Tlex ib le  s ea l  t o  permit  mi r ro r  motiox i s  provided by a metal 
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SCALE : -213 
6"x  8 " x  19"ENCLOSURE 
ROLL AXIS 
5 PAC 1_ E CRAFT 
YAW AXIS 
Figure 3-10. U l t r a v i o l e t  Spectrometer Opt ica l  Layout 
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3.5.2 ORIENTATION DETECTOR 
T’nc o r i e n t a t i o n  mi r ro r  i s  pos i t i oned  t o  main ta in  t h c  c e n t r a l  r e y  fro21 t h e  
sun  p a r a l l e l  t o  t he  axis of t h e  Cassegrain t e l e scope .  A two-axis solar  
o r i e n t a t i o n  d e t e c t o r  mounted on t h e  edge of t h e  Cassegra in  primary d e t e c t s  
any d e v i a t i o n  from t h e  d e s i r e d  o r i e n t a t i o n  and produces s u i t a b l e  e r r o r  s i g n a l s  
f o r  c o n t r o l l i n g  t h e  servo.  
Pig.  3-11. It c o n s i s t s  of a g l a s s  pr ism c u t  t o  t h e  c r i t i c a l  ang le  of re- 
f l e c t a n c e  and two s i l i c o n  pho tovo l t a i c  d e t e c t o r s  connected i n  opposi” Lion. 
When the  sun i s  i n  t h e  p l ane  b i s e c t i n g  t h e  p r i m ,  t h e  d e t e c t o r s  are e q u a l l y  
i l l umina ted  and no ou tpu t  i s  produced. However, when t h e  sun d e v i a t e s  froxi 
t h i s  p l ane ,  t h e  a n g l e  of inc idence  on one f a c e  of the pr ism i n c r e a s e s ,  and 
t h e  anioilnt of l i g h t  t r ansmi t t ed  t o  t h e  r e s p e c t i v e  d e t e c t o r  decreases  due t o  
t h e  n e a r l y  t o t a l  i n t e r n a l  r e f l e c t i o n .  S i m i l a r l y  t h e  i l l u m i n a t i o n  of t h e  
oppos i t e  d e t e c t o r  i nc reases  and a n  output  s i g n a l  i s  produced. An i d e n c i c a l  
dev ice  o r i e n t e d  i n  a n  or thogonal  d i r e c t i o n  is used t o  sense  about  a n  
or thogonal  as i s .  
The o p e r a t i o n  of the sens ing  u n i t  i s  i l l u s t r a t e d  i n  
These devices  demonstrate  e x c e l l e n t  r e l i a b i l i t y  and accuracy due t o  t h e i r  
s i m p l i c i t y .  
arc i s  r e a d i l y  achievable .  
I n  t h i s  a p p l i c a t i o n  a n u l l  s t a b i l i t y  b e t t e r  than  30 seconds of 
3.5.3 COLLECTION OPTICS 
The c o l l e c t i o n  o p t i c s  shown i n  Fig.  3-10 c o n s i s t  p r i m a r i l y  of a parabol.oida1 
primary which r ece ives  l i g h t  from the  p lane  o r i e n t a t i o n  mi r ro r .  This para-  
bo lo id  d i r e c t s  i t s  r a d i a t i o n  t o  the  hyperbolo ida l  secondary of t h e  on-axis. 
Cassegra in  system which focuses  an  image of t he  sun  on the en t r ance  s l i t .  
It i s  necessary  t h a t  t h e  maximum b l u r  c i rc le  from defocusing e f f e c t s  and 
a b e r r a t i o n s ,  p r imar i ly  coma, be such t h a t  t h e  h a g e  of t h e  sun i s  no t  b l u r t e d  
beyond the l i m i t s  of t he  b a s i c  s o l a r  r e s o l u t t o n  element. The a b e r r a t i o n  of 
coma would cause t h i s  component of t he  b l u r  c i rc le  t o  be maximun a t  the  top 
and botiorn of t he  s l i t .  
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SUN AT NULL SUN LEFT , SUN RlGHT 
Figure 3-11. Solar  O r i e n t a t i o n  Detector  
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A Casscgra ln  Sysism i s  more s u i t a b l e  th sn  a s i x p l e  parabolo id  irecayse cif 
t h e  h i g 5  magn i f i ca t iou  r equ i r ed  zt  t h e  en t r ance  s l i t .  
3 5.4 VOLYCmOf\~YroR 
The polychromator i s  t h e  b a s i c  Czerny-Turner spec t rograph  des ign .  It i s  
shown i n  Fig .  3-10 as being coma-corrected f o r  t h e  c e n t e r  waveleggth by 
v i r t u e  of t h e  smaller e f f e c t i v e  a p e r t u r e  and l a r g e r  f i e l d  ang le  f o r  t h e  c e n t e r  
wavelength i n  the  d i spe r sed  r a d i a t i o n  space. This coma c o r r e c t i o n  may a o t  be 
necessary  because of the predominance of a s t i g m a t i c  b l u r  i n c r e a s i n g  at g r e a t e r  
d i s t a n c e s  from t h e  mer idoina l  plane.  This i s  ii r e s u l t  of the need f o r  
s t r a i g h t  s l i t s ,  prevent ing  t h e  u s e  of t h e  optixum curved.(near  c i r c u l a r )  s l i t s  
f o r  t h e  Czerny-Turner. The s t r a i g h t  s l i t s  are ,  of course,  r equ i r ed  because 
of t he  need t o  preserve t h e  i n t e g r i t y  of t h e  b a s i c  s o l a r  r e s o l u t i o n  element. 
.-. - - 
The g r a t i n g  c e n t e r  i s  p laced  a t  a p p r o x h a t e l y  0.43 ' t imes t h e  r a d i u s  of t h e  
polychronator  m i r r o r s  from these  m i r r o r s  t o  i n s u r e  f l a t n e s s  of f i l e d  on a 
spectrum whose f o c a l  p l ane  i n t e r s e c t s  t h e  meridoinaf p lane  i n  a s t r a i g h t  l i n e .  
Due t o  t h e  f:15 en t r ance  ang le ,  t h e  polychromator m i r r o r s  can i n  all proba- 
b i l i t y  be spheres .  
aper ture-dependent  a b e r r a t i o n  c o n s t r a i n t s ,  t h e  f : 1 5  en t rance  a s g l e  inc reases  
t h e  depth of f i e l d  a t  t h e  s l i t s  and thereby reduces adversa thermal e f f e c t s ,  
tending f o r  i n s t a n c e  t o  change f o c a l  l eng ths  of m i r r o r s  and o v e r a l l  s t r u c t u r e  
length.  The c o n s t r a i n i n g  equat ions  f o r  t h e  polychromator geometry zre 
developed i n  t h e  subsequent  paragraphs.  
Besides a l lowing  t h e  use  of spheres  and reducing o t h e r  
An u l t r a v i o l e t  t r a n s m i t t i n g  i n t e r f e r e n c e  f i l t e r  i s  s i t u a t e d  a t  t h e  en t rance  
t o  a l i g h t  b a f f l e  between t h e  Cassegra in  secondary. 
i s  used to  e l i m i n a t e  t h a t  p o r t i o n  of t h e  sun ' s  r a d i a t i o n  occur r ing  a t  wave- 
l eng ths  g r e a t e r  than 4000.0, s i n c e  t h e s e  can c o n t r i b u t e  h e a v i l y  t o  a s c a t t e r e d  
l i g h t  s i g n a l .  
a d v i s a b i l i t y  of a s o l a r - b l i n d  pho tomul t ip l i e r  s o  t h a t  s c a t t e r e d  l i g h t  con be-1 
come an  important  a d d i t i o n  t o  t h e  s i g n a l  of  i n t e t e s t ,  even wi th  UV photo- 
m u l t i p l i e r s  whose s p e c t r e 1  responses  begin t o  f a l l  o f f  a t  about  70001. 
The i n t e r f e r e n c e  f i l t e r  
0 
The long vavelength  l i m i t  is  su:h as t o  make ques t ionab le  t h e  
The 
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f i l t e r  can a l s o  be designed t o  p r o t e c t  i t s e l f  3s vel1 as t h e  f i e l d  l e n s  a t  
t h e  e n t r a n c e  s l i t  f r m  o p t i c a l l y  degrading u l t r a v i o l e t  r a d i a c i o n ,  s h o u l d  t h i s  
be cons idered  necessary.  
A f i e l d  l e n s  exists a t  t h e  en t r ance  s l i t  f o r  t h e  purpose of focusirig the  
secondary of t h e  Cassegrain onto  t h e  g r a t i n g .  Besides  conserving r a d i a n t  
energy,  t h i s  l e n s  a l s o  i s  h e l p f u l  I n  reducing scattered l i g h t .  U s e  of a 
f i e l d  lens a t  t h e  en t r ance  s l i t  becomes a d v i s a b l e  17hen t h e  element preceding . 
i t  ( t h e  Cassegra in  secondary) approaches t h e  s l i t  h e r g h t  i n  l i n e a r  dimensions. 
The g r a t i n g  i s  a 50,000-line-per-inch r e p l i c a  mounted i n  a f i x e d  o r i e n t a t i o n .  
A f o l d i n g  mi r ro r  l i e s  between the  ex i t  s l i t s  and t h e  s p e c t r a l  focus ing  mi r ro r  
because of t h e  need t o  observe t h e  sun a long  two l i n e s  symmetr ical ly  d ispose6  
about  t h e  axis of  t he  s p a c e c r a f t  and sepa ra t ed  by 120 . Such a c o n s t r a i n t  
does n o t  a l low p o s i t i o n i n g  of a d e t e c t o r  i n  t h e  normal polychromator p o s i t i o n .  
0 
A f i e l d  l e n s  l i e s  j u s t  beyond the  e x i t  s l i t  a r r a y  and v i b r a t i n g - r e e d  modulator 
assembly. 
the f i e l d  l e n s  would have a l l  s p e c t r a l  bundles superimposed on i t s  photocathode. 
A pho tomul t ip l i e r  whose photocathode l a y  a t  t h e  f o c a l  l eng th  of 
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A f i r s t - o r d e r  a n a l y s i s  i s  used t o  genera te  the fairi i l ies of Czerny- 
Turner  systems each w i t h  a given f/nuinbei: and g r a t i n g  spacing f o r  an 
op t imiza t ion  s tudy .  
l ima t ing  m i r r o r  angle  which i s  necessary  t o  renove ccma from t h e  c e n t r a l  
wavelength i s  c a l c u l a t e d ^ .  
t h i s  coma-correcting a s p e t r y .  (See Fig .  3-12.) 
I n  each  c a s e ,  t he  aspimetry i n  focus ing  and c o l -  
-.a 
The geometry of each  conf igu ra t ion  inc ludes  
_ _ _  
D2 - Dg = 1.2 D1 ( t o  keep r a d i a t i o n  i n  wavelengths (1) 
s h o r t e r  than  hl from focus ing  on 
g r a t i n g ;  t h e  1.2 f a c t o r  i s  t o  allow 
space f o r  mechanical components such 
as an in t e rmed ia t e  s l i t  o r  d e f l e c t -  
i n g  mir ror )  
D1/2 + D2 
t a n  y = --0.422 R (geometry; 3 i s  r a d i u s  of cu rva tu re  (2) 
of s p h e r i c a l  mi r ro r  cen te red  a t  0 
i n  the  f i g u r e )  
1 .7  D1 + D3 2 t an  = -I-- = -I- 
Dl - 4- 1 . 2  D1 + D3 
0.422 R [conbine 1 2nd 21 (3) 0.422 R 
g r a t i n g  equat ion  where ( 4 )  22 
c2 = s i n  8 + s i n  8 1 
C = h/a ,  h = wavelength,  
c1 = s i n  8 + s i n  8 2 1  a = g r a t i n g  c o n s t a n t ,  @22, e21’ (5) 
s i n  ,O -l- s i n  d X1, ?.o, r e s p e c t i v e l y .  8 i s  the  ( 6 )  GO 1 
1 
2’ 
820 a re  d i f f r a c t i o n  angles  a t  h 
- 
angle  of inc idence .  
* A .  B. Sha fe r ,  L .  %. blcg i l l ,  and LeAnn Dro?p?.enan, 3 .  O p t .  SOC. Am., 
54, 879 (1964) 
7087 -F i na  1 202 
SPECTRAL FOCUSING MIRROR COLLl MATING MIRROR 
/ 
\ 
EXIT SLITS 
I 1 
R - -  
ENTRANCE SLITS 
- 0 2  L’*3Dlr * 0 2  
i
Figure 3-12. Czerney-Turner Parameter Optimization 
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D = k, s 0.422 r, ( k  = p r o p o r t i o n a l i t y  constan' i  -.Jiiich ( 7 )  3 -4 
r e f e r s  a i l  d i s t a n c e s  t o  3) 
D1 = 0.422$; (;: = 7, 9 ,  15, 23) (8) 
7,. 
(where # denotes  f/number) 
(9) 
1.7 
Tf  
t a n  y = - r i  f k  [combine Eqs .' 3 ,  7, and S] __ 3 
-e1 3. e20 = 2 y (Geometry) (10) 
Equzt ions 4 ,  5 ,  6 ,  9, 10, and 11 a r e  s i x  equat ions  i n  s i x  unknowns, 
y ,  620y gzl ,  9 2 2 ,  e,, IC with  #, Co, C1., C t h e  va ry ing  parameters .  3 2 
The Co, C1, and C,, parameters should be va r i ed  i n  t h e  fo l lowing  
manner: 
va lues  i n  each of t he  fo l lowing  four  groups.  
- 
A t  each va lue  of $, C o ,  C1, and C2 should take  on the  t h r e e  
0.102,  0.171, 0.240 (600 grooves/min) 
0.204, 0.342 , 0.4813 (1200 grcoves/mm) 
0.408, 0.684 , 0.960 (2400 grooves/mm) 
The g r a t i n g  spac ing  o r  cons t an t  (a) i s  t h e  r e c i p r o c a l  of the  number 
of groovesjrm. 
and y have been solved f o r ,  a s o l u t i o n  f o r  r Once 8 2 0 )  *21' 
(3ee F i g .  11-9) may be obtained from the f o l l o v i n g  equa t ion ,  vh ich  
e l imina te s  coma a t  h . 
0 
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3 cos 8 
C O S 3  0 cos  y s i n  r 
1 .- s i n  y cos3 r - 
3 
" 20 
The fivi! c o n s t r a i n t  equat ions  a r e  grouped a s  follows: 
= -  
3 
+ k @20 - O1 
2 B 
t a n  
= s i n  el + s i n  022 
21 
= s i n  0 + s i n  0 1 
c0 = s i n  0 4- s i n  @20 1 
3 
= 0.845 k 021 - O22 2 t a n  
(12) 
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The des ign  of  t he  o p t i c a l  modulator i s  shown i n  F ig .  3-13. The 
modulator u t i l - l ze s  8 mask i n  the  s p e c t r a l  plane having 10 a p e r t u r e s  
through which l i g h t  i n  the 10 spectral  wavelength bands i s  t r ansmi t t ed .  
Ten i n d i v i d u e l l y  c o n t r o l l e d  vanes i n t e r r u p t  the l i g h t  t r ansmi t t ed  
through che r e s p e c t i v e  a p e r t u r e s .  To preserve  the s i m p l i c i t y  cf the 
diagram F ig .  3-13 shows only a s e c t i o n  of the  mask and one of  the 
t e n  tun ing  fo rks .  A s  sho1.m i n  t h e  diagram, the  l igh t -chopping  vane 
i s  mounted on the  end of  one t i n e  o f  the tun ing  f o r k .  The o s c i l l a t o r y  
motion of the f o r k  d i s p l a c e s  the  vane i n  the  plane of the  mask, thereby 
p e r i o d i c a l l y  i n t e r r u p t i n g  the l i g h t  pa th .  The oppos i te  t i n e  of the 
f o r k  se rves  no  func t ion  o t h e r  than  provid ing  dynamic mass be lance  of 
t he  assembly. 
The tun ing  f o r k  i s  shown i n  the  n e u t r a l  o r  unenergized p o s i t i o n .  When 
e x c i t e d ,  the vane h a s  equa l  displacements  t o  the  l e f t  and t o  the  r i g h t  
o f  t h i s  n e u t r a l  p o s i t i o n .  The vane i s  loca ted  so t h a t  the a p e r t u r e  i s  
blocked i n  the  n e u t r a l  p o s i t i o n  and unblocked f o r  r igh tward  d i s p l a c e -  
ments.  This  arrangement was chosen t o  minimize the l i g h t  reaching  the 
d e t e c t o r  from unenergized choppers .  
The complete 10-channel modulator c o n s i s t s  of 10 tuning  f o r k s  w i t h  
a t t ached  vanes modulating the l i g h t  i n  10 r e s p e c t i v e  wavelength bands. 
To make the  assembly as compact as p o s s i b l e ,  t he  l o c a t i o n s  of the fo rks  
are s taggered  wi th  r e s p e c t  t.0 t he  s p e c t r a l  p lane .  I n  the diagram, i! 
p a r t  of a f o r k  loca ted  above the  mask i s  shown. %io a d d i t i o n a l  f o r k  
l o c a t i o n s ,  no t  sho;m i n  the  diagram, are on the oppos i te  s i d e  of t h e  
mask. 
I n  o p e r a t i o n  t h e  system i s  r equ i r ed  t o  analyze only four  s p e c t r a l  wave- 
l ene th  bands a t  any one time. To improve the ' s igna l - to-noise  r a t i o  i t  
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i s  desj.rab1.e t o  ninlinize the l i g h t  reaching  t h e  pho to&tec to r  f r o s  
sources  o t h e r  than  the s i g n a l s  be ing  analyzed. %?lis is p a r t i c u l a r l y  
impor tan t  a t  the  s h o r t e s t  wavelengths ,  where the i n c i d e n t  energy i s  
a mlnimuri. This  l i g h t  r educ t ion  i s  accomplished by t u r n i n g  oEf the 
modulators  corresponding t o  the  unused wavelength bands. A f u r t h e r  
advantage o f  t h i s  technique i s  t h a t  a smaller number of d i f f e r e n r  
t un ing  f o r k  f r equenc ie s  i s  r equ i r ed ,  s i n e e  only fou r  f o r k s  iire opera-  
t i n g  a t  any one t i m s .  The tuning  f o r k  d r i v e  c i r c u i t r y  i s  s p e c i a l l y  
designed t o  permit  r a p i d  on-and-off switching o f  the  modulators .  
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3 . 6  SYSTEM ELECTXO3ICS 
The system e l e c t r o n i c s  performs the synchronous d e t e c t i o n  oE s i g n a l s  
corresponding t o  t h e  10 wavelength bands and selects the pzoper s i g n a l s  
f o r  t ransni t ta l  t o  te lemet ry .  This  s e l e c t i o n  i s  c o n t r o l l e d  by i n t e r n a l  
d i g i t a l  s t o r a g e  and l o g i c  c i r c u i t r y  on the  basis o f  t h e  measured i n t e n -  
s i t y  of  t h e  demodulated s i g n a l .  The e l e c t r o n i c s  a l s o  inc ludes  c i r c u i t r y  
f o r  d r i v i n g  the  tun ing  f o r k s  i n  t h e  o p t i c a l  madulator .  
A block diagram o f  t h e  system e l e c t r o n i c s  i s  shown i n  F ig .  3-14. While 
a pre l iminary  s i g n a l -  to -noise  a n a l y s i s  i n d i c a t e s  t h e  p o s s i b i l i t y  o f  u s i n g  
a diode photodetec tor ,  t h e  block diagram shows a p h o t o m u l t i p l i e r .  With 
e i t h e r  type of d e t e c t o r ,  t he  block diagram would be e s s e n t i a l l y  the Sam 
except  t h a t  an a m p l i f i e r  g a i n  adjustment  would be s u b s t i t u t e d  f o r  t h e  
h i g h  v o l t a g e  ad j u s  tment . 
3.6.1 SYNCHRONOUS DETECTION 
The modulated outputs  o f  t he  polychromator corresponding t o  the fou r  
wavelengths being analyzed are s imultaneously measured by t h e  photu- 
m u l t i p l i e r .  The ac photomul t ip l ie r  ou tput  i s  a m p l i f i e d  and demodulated 
by four  synchronous demodulators corresponding t o  t h e  fou r  wavelengths 
being analyzed. Each demodulator i s  synchronized t o  a n  ind iv id i l a l  tuning 
f o r k  modulator by apply ing  the  f o r k  d r i v e  s i g n a l  t o  t h e  modulator r e f e r -  
ence i n p u t .  The demodulator ou tput  can be approximated by t h e  a l g e b r a i c  
prc2.uct o f  i t s  inpu t  and e x c i t a t i o n  s i g n a l s  where t h e  e x c i t a t f o n  is  a 
constant-amplitude square wave. 
Using a Four ie r  expansion f o r  t h e  square  wave, i t  can be shown t h a t  a 
s i n u s o i d a l  i npu t  o f  t h e  same frequency as the  e x c i t a t i o n  produces a dc 
l e v e l  plus  a s e r i e s  o f  ac components i n  t h e  ou tpu t .  The ac  components 
arise from the  c r o s s  products of  the  r e f e r e n c e  s i g n a l  fundamental and 
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harrnonic components and t h e  fundznental  of t h e  i n p u t .  
wave c o n t a i n s  only  odd m Q l t i p l e s  o f  t h e  fundainental f requency,  and s i n c e  
t h e  crcss products  are a l l  sum and d i f f z r e n c e  f r z q u e n c i e s ,  t h e  ou*Lput 
c o n t a i n s  only  even harmonics of  t h e  i n p u t  frequency. 
S ince  t h e  square 
I n  t h i s  a p p l i c a t i o n  a low-pass f i l t e r  rejects a l l  o f  t h e  o u t p u t  components 
beyond the  f i l t e r  c u t o f f  frequency. The modulator f requencies  must then 
be s e l e c t e d  t o  prevent  cross-coupl ing between channels .  This  c ross -  
coupl ing is produced by a l l  t h e  c r o s s  products o f  i n p u t  and r e f e r e n c e  
s i g n a l s  and c o n s i s t s  of a l l  t he  sum and d i f f e r e n c e  f requencies  o f  E h e  
r e s p e c t i v e  i n p u t s .  Unwanted i n p u t s ,  whi le  producing no dc o u t p u t ,  w i l l  
produce a low-frequency ac output  corresponding t o  t h e  d i f f e r e n c e  be- 
tween the  i n p u t  and r e f e r e n c e  f requencies .  Thei r  effects  are minimized 
by main ta in ing  adequate  s e p a r a t i o n  between t h e  i n d i v i d u a l  modulator 
f requencies .  The c r o s s  product  f requencies  a r e  then  h i g h  enough t o  be 
r e j e c t e d  by t h e  f i l t e r .  An a d d i t i o n a l  requirement on t h e  modulator f r e -  
quency s e l e c t i o n  is t h a t  t h e r e  be no c ross -coupl ing  due t o  coincidences 
of t h e i r  harrncnics. 
3.6.2 IJAVELENGTH SELECTION SEQUENCE 
The d r i v e  s i g n a l s  a p p l i e d  t o  the  tun ing  f o r k  modulators and t h e  synchronous 
demodulators a r e  c o n t r o l l e d  by the  program c o n t r o l  and sequencer shown i n  
t h e  block diagram. A s  descr ibed  i n  a preirious s a c t i o n ,  on ly  t h r e e  of  t h e  
f i r s t  n ine  modulators are d r i v e n  a t  one t i m e  and t h e  t e n t h  modulator runs 
con+inuously.  
modulators are opera ted  and r o u t e s  t h e  r e s p e c t i v e  r e f e r e n c e  s i g n a l s  t o  
the  demodulators. This  sequence i s  i n d i c a t e d  i n  Table 3-1. 
During t h e  o c c u l t a t i o n  the sequencer determines which 
Table 3-1 also indicates which wavelengths are measured by the respective 
demodulators. 
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TABLE 3-1 
WAVELENGTH SELECT LON SEQUE X E  
Waveleagth 
Group 
liaveleng th s  
Mo du l a  t e d 
‘1 ’2 ’3 
’2 ‘ 3  ‘ 4  
’ 3  ’ 4  ‘5 
’ 4  ‘5 ‘ 6  
‘ 5  ‘6 ‘7 
‘6 ‘7 ‘ 8  
‘7 ’8 ‘9 
As the  s p a c e c r a f t  e n t e r s  
Wavelengths 
Ilemodula t e d  
Demodulator 1 Demodulator 2 
‘1 “ 2  
‘ 4  ‘2 
‘ 4  A 5 
A 4 ‘5 
‘7 ‘5 
17 ‘8 
‘7 ‘8 
Demodulztor 3 
x 3  
‘3 
A 3 
‘ 6  
‘& 6 
‘ 6  
I 9  
the  shadow, the  sequencer s ta r t s  w i t h  wavelength 
group 1 and progresses  through group 7. On emergence, the sequence i s  
reversed ,  s t a r t i n g  w i t h  group 7 and ending wi th  group 1. The d i r e c t i o n  
of t h e  sequence is  c o n t r o l l e d  by the  e c l i p s e  and emergence s i g n a l s ,  and 
the  advancing through the sequence i s  c o n t r o l l e d  by the  da t a  s t o r a g e  and 
l o g i c  s e c t i o n .  An a c q u i s i t i o n  s i g n a l  from the  o r i e n t a t i o n  s y s t e m  i n d i c a t e s  
t h a t  the  system has completed s o l a r  a c q u i s i t i o n  and enables  the  i n i t i a t i o n  
of  measurements. 
The four  demodulator ou tpu t s  are f i l t e r e d  and d i g i t i z e d  by the  four  analog- 
t o - d i g i t a l  conve r t e r s .  The d i g i t a l  s i g n a l s  are s t o r e d  i n  th2 te lemet ry  
b u f f e r s  t o  await t h e i r  se r ia l  t r a n s f e r  t o  the te lemzt ry  sys txn .  The 
d i g i t a l  ou tpu t s  are also routed  t o  the  d i g i t a l  d a t a  s to rage  and l o g i c  
s e c t i o n  f o r  c o n t r o l  of  the wavelength sequence. 
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3 . 6 . 3  SEQUENCE CONTROL 
A s  the  s p a c e c r a f t  approaches the  e a r t h  ! s  shadow, s u n l i g h t  e n t e r i n g  through 
pa th  1 as shown i n  F ig .  3-7 i . l luminates  a d e t e c t o r  which produces a n  
ec l ipse  s i g n a l .  This  s i g n a l  occurs  as the  i n c i d e n t  s u n l i g h t  passes  140 
k i lometers  abose the e a r t h ' s  s u r f a c e  and i s  used by the  l o g i c  s e c t i o n  t o  
s t a r t  the  measurement sequence. A t  t h i s  a l t i t u d e  the  s u n l i g h t  i s  essen-  
t i a l l y  unat tenuated  by the  atmosphere and the measured i n t e n s i t y  i s  used 
i n  computing atmospheric t ransmiss ion .  The measurement sequence begins  
wi th  the  instrument  measuring the th ree  wavelengths of  group 1 of Table 3-1. 
The d a t a  a r e  d i g i t i z e d ,  s t o r e d  i n  the  d a t a  s t o r a g e  s e c t i o n ,  and t r a n s -  
m i t t e d  t o  te lemet ry .  A t  the  completion of  the  te lemet ry  sample  the l o g i c  
s i g n a l s  t he  sequencer t o  advance t o  group 2 and a g a i n  s t o r e  and t r ansmi t  
the  d a t a .  This sequence cont inues  through group 7 ,  u n t i l  a l l  wavelength 
bands have Seen measured. This  process  i s  synchronized wi th  the  te lemetry 
sampling which samples one wavelength group per  second. Thus the  complete 
scan  r e q u i r e s  7 seconds,  dur ing  which t i m e  the t r ansmi t t ed  ray a l t i t u d e  
descends from 14@ t o  about  113 k i lome te r s .  Upon completion of t h i s  scan ,  
t h e  sequencer r e t u r n s  t o  wavelength group 1 and the  l o g i c  swi tches  t o  an  
adapt ive  mode. 
I n  t h i s  adap t ive  mode the d i g i t a l  l o g i c  s e c t i o n  monitors  a s e l e c t e d  d i g i t a l  
i n t e n s i t y  s i g n a l  and compares i t  t o  i t s  corresponding va lue  s t o r e d  i n  the 
system. The l o g i c  then  senses  the  atmospheric t ransmiss ion  i n  a s i n g l e  
wavelength. A s  the  t ransmiss ion  reaches a predetermined l i m i t ,  t he  l o g i c  
s i g n a l s  t he  sequencer t o  s e l e c t  the next  wavelength group and monitors 
the t ransmiss ion  a t  a new wavelength. The wavelengths monitored and the 
approximate swi tch ing  l e v e l s  are shown i n  Table 3-2 f o r  both the e c l i p s e  
and emergence sequences.  
A t  the  end of the  emergence ssquznce the  una t tenuated  s o l a r  r a d i a t i o n  i s  
aga in  measured f o r  use i n  the t ransmiss ion  coriputat ions.  This  sequence 
begins when the t ransmiss ion  of  12 i nc reases  t o  75%. A t  t h i s  po in t  the  
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TABLE 3-2 
AUTOMATIC SEQUEISCING LOGIC 
STJ i t c h i  ng 
Sequence Wave l e n g t h s  Wave l eng ths  Demodulator Leve 1 X 
D i r e c t i o n  Group Telemetered Nonitored Monitored Transmission 
1 10 
2 10 
3 10 
1 10 
2 10 
3 10 
k1 x2 h3 ‘1 
’2 13 44 
3 h3 14 ‘5 kg 
4 l 4  ’5 16 ‘4 
‘5 ‘6 ‘7 15 
7 ‘7 ‘8 ’ 9  ‘7 
Ecl ipse  1 
2 
5 
6 ‘ 6  ‘7 ’8 ‘ 6  
‘7 ‘8 ‘ 9  ‘8 Emergence 7 
6 
5 ‘5 ’ 6  ‘7 ‘6 
4 
3 
‘6 ‘7 ‘8 ‘7 
?‘4 ‘5 ‘6 x5 
13 ‘4 l5 A4 
2 12 ’3 ‘4 I 3  
1 11 A2 ‘3  12 
75 
75 
75 
75 
75 
75 
75 
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t r a n s x i s s i o n  of a l l  w e v e l e ~ g t h s  lc rgcr  than i s  g r e a t e r  the- 7 5 7  2nd 
t h a t  of t he  longes t  wavelengths i s  ~ e z r l y  100%. 
begins wi th  group 7,  s i n c e  t h i s  group i s  n e a r e s t  t o  103% t ransmiss ion .  
The sequence then progresses  i n  decreas ing  group o rde r ,  synchronized wich 
te lemet ry  sampllng i n  the  same manner as i n  the p re -ec l ip se  sequence. By 
t he  t i m e  t h i s  sequence reaches  group 1, the t r ansmi t t ed  ray  a l t i t u d e  has  
ascended 27 k i lometers  above the p o i n t  where A t ransmiss ion  was 75%. A t  
t h i s  po in t  t h e  t ransmiss ion  of h should be s u i t a b l y  c l o s e  t o  100X. This 
completes the  measurezent sequence. 
The measureagnt sequence 
2 
1 
Signa l s  from the  sequencer i n d i c a t e  the  group being measured and the 
d i r e c t i o n  of the  sequence, thus enabl ing  the  l o g i c  s e c t i o n  t o  select  the  
proper s i g n a l  f o r  monitor ing and t o  i d e n t i f y  the  te lemet ry  o u t p u t s .  
3 . 6 . 4  SENSITIVITY ADJUSTMENT 
A high vo l t age  increment comand i s  used t o  a d j u s t  the  system s e n s i t i v i c y  
v i a  ground commands. This  func t ion  is  not  intended as a c a l i b r a t l o n ,  
s i n c e  the  system msasures t ransmiss ion  d i r e c t l y ,  bu t  i t  se rves  t o  main ta in  
the measured i n t e n s i t y  a t  a l e v e l  c o n s i s t e n t  wi th  the  dynamic range of 
the ins t rument .  It is  expected t h a t  t h i s  command w i l l  be r equ i r ed  t o  
compensate f o r  pho tomul t ip l i e r  aging and o p t i c s  degrada t ion  and w i l l  be 
used very  inf requencly .  
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3.7.1 MECHANICAL 
It i s  asstlmed t h a t  t h e  Kimbus E s p a c e c r a f t  w i l l  accommodate an  extended 
Nimbus bay module s i m i l a r  t o  t h a t  a v a i l a b l e  f o r  packaging t h e  Nimbus D 
Background U l t r a v i o l e t  Instrument .  Pre l iminary  mechanical l ayou t s  
i n d i c a t e  t h a t  such a module measuring 6 x 8 x 19 inches  i s  i d e a l l y  
s u i t e d  f o r  t h i s  ins t rument .  The instrument  should be loca ted  i n  t h e  
sensory r i n g  at  a l o c a t i o n  90 from t h e  p i t c h  a x i s .  An a d d i t i o n a l  "4 
over  0" 6 x 8 x 6.5-inch module i n  a n  ad jacen t  bay would be r e q u i r e d  
f o r  t h e  system e l e c t r o n i c s .  
0 
The combined weight of t h e  modules and t h e i r  i n t e rconnec t ing  c a b l e  i s  
e s t ima ted  at 16.0 pounds. 
3.7.2 POWER 
The maximum power consumption of t h e  instrument  i s  es t imated  a t  11.5 
watts. This load  occurs  f o r  60 seconds,  twice  per  o r b i t ,  The standby 
power a t  a l l  o t h e r  times i s  4.0 w a t t s .  
3.7.3 TELENETRY 
The ins t rument  produces an  output  f o r  t e l eme t ry  dur ing  a 36-second 
i n t e r v a l ,  two i n t e r v a l s  per  o r b i t .  The t e l eme t ry  requirement i s  f o u r  
1 0 - b i t  d i g i t a l  words sampled ;: l -second i n t e r v a l s  f o r  a t o t a l  of 40 
b i t s / s econd  dur ing  t h e  36-second measurement i n t e r v a l .  
3.7.4 DATA REQUIREMENTS 
The rece ived  d a t a  should b e  p r i n t e d  i n  a d i g i t a l  format 
w i th  t h e  GMT corresponding t o  each d a t a  va lue .  O r b i t a l  
and i d e n t i f i e d  
d a t a  correspond- 
i n g  t o  t h e  t i m e  of t h e  te lemet ry  d a t a  i s  r e q u i r e d  t o  a s c e r t a i n  t h e  
s p a c e c r a f t  p o s i t i o n  corresponding t o  each d a t a  v a l u e  t o  an accuracy of 
51 kiloms&er. 
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3.8 CONCLUSION 
The des ign  ana lyses  show t h a t  an instrument  of t h e  type descr ibed  
baJiefly above could r e a d i l y  meet, and probably su rpass ,  a l l  of t h e  per -  
formance requirements .  Because of t h e  high s e n s i t i v i t y  of t h e  photo- 
e l e c t r i c  d e t e c t o r s  and the  high i r r a d i a n c e  va lues  of the  s u n l i g h t  i n  
t h e  middle umtravio le t  , s igna l - to -no i se  r a t i o s  between lo3 and 10 
could be achieved by t h i s  d e t e c t o r  system while main ta in ing  t h e  
r e q u i s i t e  high s p a t i a l  r e s o l u t i o n  ( s o l a r  d i s k  image-sl ic ing)  and high 
s p e c t r a l  r e s o l u t i o n  (2 .SA bandwidth pe r  wavelength monitored) . 
4 
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